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ABSTRACT
The LMS A d a p t i v e  N o i s e  C a n c e l l a t i o n  a l g o r i t h m  h a s  
b e e n  a p p l i e d  t o  t h e  r e m o v a l  o f  h i g h - l e v e l  w h i t e  n o i s e  f r o m  
a u d i o  s i g n a l s .  S i m u l a t i o n s  and a c t u a l  a c o u s t i c a l l y  
r e c o r d e d  s i g n a l s  h a v e  b e e n  p r o c e s s e d  s u c c e s s f u l l y ,  w i t h  
e x c e l l e n t  a g r e e m e n t  b e t w e e n  t h e  r e s u l t s  o b t a i n e d  f r o m  
s i m u l a t i o n s  and t h e  r e s u l t s  o b t a i n e d  w i t h  a c o u s t i c a l l y  
p r o d u c e d  d a t a .  A s t u d y  o f  t h e  f i l t e r  l e n g t h  r e q u i r e d  i n  
o r d e r  t o  a c h i e v e  a d e s i r e d  n o i s e  r e d u c t i o n  l e v e l  i n  a 
h a r d - w a l l e d  r oom i s  p r e s e n t e d .  The p e r f o r m a n c e  o f  t h e  
a l g o r i t h m  i n  t h i s  a p p l i c a t i o n  i s  d e s c r i b e d  and r e q u i r e d  
m o d i f i c a t i o n s  a r e  s u g g e s t e d .
A m u l t i c h a n n e l  p r o c e s s i n g  s c h e m e  i s  p r e s e n t e d  w h i c h  
a l l o w s  t h e  a d a p t i v e  f i l t e r  t o  c o n v e r g e  a t  i n d e p e n d e n t  
r a t e s  i n  d i f f e r e n t  f r e q u e n c y  b a n d s .  T h i s  i s  s hown t o  b e  
o f  p a r t i c u l a r  u s e  when t h e  i n t e r f e r i n g  n o i s e  i s  n o t  w h i t e .  
C a r e f u l  i m p l e m e n t a t i o n  o f  t h e  s c h e m e  a l l o w s  t h e  p r o b l e m  t o  
b e  b r o k e n  i n t o  s e v e r a l  s m a l l e r  o n e s  w h i c h  c a n  b e  h a n d l e d  
b y  i n d e p e n d e n t  p r o c e s s o r s ,  t h u s  a l l o w i n g  l o n g e r  f i l t e r  
l e n g t h s  t o  b e  p r o c e s s e d  i n  r e a l  t i m e .
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R e s e a r c h  O b j e c t i v e s
I n  t h i s  r e s e a r c h ,  A d a p t i v e  N o i s e  C a n c e l l a t i o n  (ANC) 
h a s  b e e n  a p p l i e d  t o  t h e  e n h a n c e m e n t  o f  s p e e c h  s i g n a l s  i n  
e n v i r o n m e n t s  w h e r e  t h e  n o i s e  c o r r u p t i n g  a s i g n a l  c o n t a i n s  
a s  much e n e r g y  a s  t h e  s p e e c h  i t s e l f ,  o r  m o r e .  The  b u l k  
o f  t h e  r e s e a r c h  p e r f o r m e d  h a s  had a s  i t s  o b j e c t i v e  t h e  
e v a l u a t i o n  o f  t h e  a l g o r i t h m ' s  p e r f o r m a n c e  f o r  t h i s  a p p l i ­
c a t i o n .  In o r d e r  t o  e v a l u a t e  t h i s  p e r f o r m a n c e ,  t h e  
p r o b l e m  h a s  b e e n  a p p r o a c h e d  i n  f o u r  s t a g e s .  The  f i r s t  
s t a g e  was  t h e  c r e a t i o n  o f  c o m p l e t e l y  c o n t r o l l e d  s y n t h e t i c  
s i t u a t i o n s  and  a p p l i c a t i o n  o f  t h e  t e c h n i q u e .  The  s e c o n d  
was a p p l i c a t i o n  o f  t h e  t e c h n i q u e  t o  a c t u a l  s i t u a t i o n s .
The  t h i r d  s t a g e  was  t h e  e v a l u a t i o n  o f  p r o b l e m s  n o t e d ,  and 
s e a r c h i n g  f o r  f e a s i b l e  e x p l a n a t i o n s ,  w i t h  v e r i f i c a t i o n  a t  
e a c h  s t a g e .  And f i n a l l y ,  s u g g e s t i o n  and t e s t i n g  o f  
s o l u t i o n s  t o  t h e  e n c o u n t e r e d  d i f f i c u l t i e s  was  p e r f o r m e d .  
F o r  m o r e  i n f o r m a t i o n  a b o u t  t h e  a c t u a l  e x p e r i m e n t s  t h e m ­
s e l v e s ,  t h e  r e a d e r  i s  r e f e r r e d  t o  c h a p t e r  4 .
In  f o l l o w i n g  t h i s  a p p r o a c h ,  t h e  f o l l o w i n g  r e s e a r c h  
o b j e c t i v e s  h a v e  b e e n  a c h i e v e d :
1)  A d a p t i v e  N o i s e  C a n c e l l a t i o n  h a s  b e e n  s u c c e s s f u l l y  
a p p l i e d  t o  t h e  r e m o v a l  o f  h i g h  l e v e l  w h i t e  n o i s e  f r o m  
n o i s y  s p e e c h  s i g n a l s  f o r  t h e  f i r s t  t i m e .
2)  A t e c h n i q u e  c a p a b l e  o f  e n h a n c i n g  s p e e c h  i n  e x t r e m e l y  
n o i s y  e n v i r o n m e n t s  h a s  b e e n  made a v a i l a b l e  t o  s p e e c h  
p r o c e s s o r s .
3)  A t o o l  c a p a b l e  o f  a d a p t i v e l y  r e m o v i n g  n o n - s t a t i o n a r y  
n o i s e  h a s  b e e n  a p p l i e d  t o  s p e e c h  p r o b l e m s .
4)  A " m u l t i c h a n n e l "  m o d i f i c a t i o n  o f  ANC w h i c h  i m p r o v e s  
i t s  p e r f o r m a n c e  b y  i m p r o v i n g  i t s  c o n v e r g e n c e  c h a r a c ­
t e r i s t i c s  h a s  b e e n  d e v e l o p e d  and i m p l e m e n t e d  s u c c e s s ­
f u l l y .
5)  A q u a n t i f i c a t i o n  o f  r e s u l t s  w h i c h  c a n  be  e x p e c t e d  
f r o m  ANC u n d e r  v a r y i n g  c o n d i t i o n s  h a s  b e e n  m a de .
C o n t e n t  R e v i e w
In  t h i s  r e s e a r c h ,  n o i s e  c a n c e l l a t i o n  t e c h n i q u e s  h a v e  
b e e n  a p p l i e d  t o  a u d i o  s i g n a l s .  The g o a l  h a s  b e e n  t o  
i m p r o v e  t h e  i n t e l l i g i b i l i t y  o f  s p e e c h  p r o d u c e d  i n  an 
a c o u s t i c a l l y  h o s t i l e  e n v i r o n m e n t .  I t  h a s  b e e n  a s s u m ed  
t h a t  t h i s  n e e d  h a s  a r i s e n  b e c a u s e  o f  a d e s i r e  t o  e n c o d e  
t h e  s p e e c h  f o r  l o w  b a n d w i d t h  d i g i t a l  t r a n s m i s s i o n .
C h a p t e r  1 c o n t i n u e s  w i t h  a d e s c r i p t i o n  o f  t h e  p r o b l e m  
b e i n g  a d d r e s s e d  and a r e v i e w  o f  p r e v i o u s  w o r k .  C h a p t e r  2 
t h e n  d e s c r i b e s  t h e  n o i s e  c a n c e l l i n g  s y s t e m ,  a l o n g  w i t h  i t s  
m a t h e m a t i c a l  f o u n d a t i o n s ,  and  t h e  n o i s e  g e n e r a t i o n  m o d e l  
t o  w h i c h  i t  i s  p a r t i c u l a r l y  a p p l i c a b l e .  I n  c h a p t e r  3 ,
many p r a c t i c a l  a s p e c t s  o f  t h e  p r o b l e m  a r e  d i s c u s s e d  and 
" m u l t i c h a n n e l  p r o c e s s i n g "  i s  d e s c r i b e d .  T h i s  t e c h n i q u e  
i s  p r o p o s e d  a s  a s o l u t i o n  t o  s e v e r a l  o f  t h e  p r o b l e m s  
e n c o u n t e r e d  i n  t h e  i m p l e m e n t a t i o n  o f  n o i s e  c a n c e l l a t i o n  
f o r  a c t u a l  u s e .  A d e s c r i p t i o n  o f  t h e  e x p e r i m e n t s  p e r ­
f o r m e d  and t h e i r  r e s u l t s  f o l l o w s  i n  c h a p t e r  4 .  The 
i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i s  r e s e r v e d  f o r  c h a p t e r  5 .  
R e l a t e d  d e v e l o p m e n t s  and d e s c r i p t i o n s  o f  some p r o p e r t i e s  
o f  t h e  n o i s e  c a n c e l l a t i o n  a l g o r i t h m  a r e  f o u n d  i n  t h e  
a p p e n d i c e s .
H i s t o r i c a l  C o n t e x t
In  r e c e n t  y e a r s  m i l i t a r y  c r y p t o g r a p h e r s  and o t h e r s  
i n t e r e s t e d  i n  s e c u r e  c o m m u n i c a t i o n  c h a n n e l s  h a v e  p l a c e d  
i n c r e a s e d  i m p o r t a n c e  on  d i g i t a l  c o m m u n i c a t i o n  l i n k s .  In 
o r d e r  t o  m e e t  l o w - b a n d w i d t h  r e q u i r e m e n t s ,  s e v e r a l  d i g i t a l  
e n c o d i n g  s c h e m e s  h a v e  b e e n  d e v e l o p e d .  T h e s e  s c h e m e s ,  s u c h  
a s  L i n e a r  P r e d i c t i v e  C o d i n g  ( L P C ) ,  t a k e  a d v a n t a g e  o f  t h e  
c h a r a c t e r i s t i c s  o f  s p e e c h ,  ma k i n g  p o s s i b l e  l o w - b a n d w i d t h  
d i g i t a l  t r a n s m i s s i o n  o f  s p e e c h  s i g n a l s .  U n f o r t u n a t e l y ,  
t h e s e  s c h e m e s  a r e  t y p i c a l l y  s e n s i t i v e  t o  n o i s e  i n  t h e  
e n v i r o n m e n t .  W h i l e  many n o i s e - r e d u c t i o n  s c h e m e s  h a v e  
b e e n  t r i e d ,  n o ne  h a v e  p r o v e d  s u c c e s s f u l  i n  e x t r e m e l y  
n o i s y  e n v i r o n m e n t s  o r  i n  e n v i r o n m e n t s  w i t h  n o n s t a t i o n a r y  
n o i s e  s o u r c e s .  T h e r e  i s  a n e e d  f o r  t h e  d e v e l o p m e n t  o f  
t e c h n i q u e s  w h i c h  c a n  p r o v i d e  n o i s e  r e d u c t i o n  i n  t h e s e  
s i t u a t i o n s .  T h i s  r e s e a r c h  c o n c e r n s  t h e  a p p l i c a t i o n  o f  a
n o i s e  c a n c e l l a t i o n  t e c h n i q u e  w h i c h  i s  c a p a b l e  o f  w o r k i n g  
i n  e x t r e m e l y  n o i s e  e n v i r o n m e n t s  and p o w e r f u l  e n o u g h  t o  
d e a l  w i t h  c e r t a i n  k i n d s  o f  n o n - s t a t i o n a r i t y  i n  t h e  
e n v  i r o n m e n t .
W h i l e  n o i s e  r e d u c t i o n  h a s  l o n g  b e e n  d e s i r a b l e  t o  
m i n i m i z e  t h e  p r o b l e m s  m e n t i o n e d ,  i t  h a s  t a k e n  on  i n c r e a s e d  
i m p o r t a n c e  i n  r e c e n t  y e a r s .  The a d v e n t  o f  l o w - c o s t ,  
h i g h - s p e e d  d i g i t a l  h a r d w a r e  h a s  made p o s s i b l e  t h e  u s e  o f  
c o m p l e x  d i g i t a l  e n c o d i n g  s c h e m e s  f o r  t r a n s m i t t i n g  s p e e c h  
d i g i t a l l y  i n  l o w - b a n d w i d t h  c h a n n e l s .  W h i l e  s u c h  v o c o d e r s  
p e r f o r m  i n  q u i e t  e n v i r o n m e n t s ,  t h e y  o f t e n  f a i l  m i s e r a b l y  
i n  a c o u s t i c a l l y  h o s t i l e  e n v i r o n m e n t s .  The s o u r c e s  o f  
t h e s e  f a i l u r e s  c a n  o f t e n  b e  c l a s s i f i e d  i n t o  f o u r  c a t e ­
g o r i e s :  s i l e n c e  d e t e c t i o n ,  s p e c t r a l  e s t i m a t i o n ,  v o i c e d -  
u n v o i c e d  d e t e r m i n a t i o n ,  and p i t c h  p e r i o d  e s t i m a t i o n  [ 1 ] .  
U n f o r t u n a t e l y  a s c h e m e  w h i c h  i m p r o v e s  p e r f o r m a n c e  i n  o n e  
o f  t h e s e  a r e a s ,  d o e s  n o t  n e c e s s a r i l y  a i d  i n  t h e  o t h e r s .
N o i s e  r e d u c t i o n  t e c h n i q u e s  h a v e  g e n e r a l l y  f a l l e n  i n t o  
o n e  o f  t h r e e  c a t e g o r i e s :  l i n e a r  f i l t e r i n g ,  m o d e l  f i t t i n g ,  
and n o i s e  c a n c e l l a t i o n .  The  t r a d i t i o n a l  a p p r o a c h  h a s  b e e n  
some s o r t  o f  l i n e a r  f i l t e r i n g ,  w h i l e  m o d e l  f i t t i n g  h a s  
b e e n  u s e d  l e s s  o f t e n ,  and n o i s e  c a n c e l l a t i o n  h a s  b e e n  u s e d  
e v e n  l e s s  f r e q u e n t l y .
Many m e t h o d s  h a v e  b e e n  p r o p o s e d  f o r  d e t e r m i n i n g  
l i n e a r  f i l t e r s  f o r  r e m o v a l  o f  d i f f e r e n t  t y p e s  o f  n o i s e .
A l l  o f  t h e s e  a t t e m p t  t o  i m p r o v e  t h e  s i g n a l - t o - n o i s e  r a t i o
b y  a t t e n u a t i n g  f r e q u e n c i e s  w h e r e  t h e  s i g n a l - t o - n o i s e  r a t i o  
i s  p o o r  and e m p h a s i z i n g  t h o s e  f r e q u e n c i e s  w h e r e  t h e  
s i g n a l - t o - n o i s e  r a t i o  i s  b e t t e r .  The  p i o n e e r i n g  w o r k  o f  
W i e n e r  [ 2 ]  r e s u l t e d  i n  p e r h a p s  t h e  m o s t  o f t e n  u s e d  e x a m p l e  
o f  t h e s e  m e t h o d s .  Kalman f i l t e r i n g  [ 3 ]  i s  a l s o  i n c l u d e d  
i n  t h i s  g r o u p ,  and d e m o n s t r a t e s  t h e  c a p a b i l i t y  o f  t h e s e  
t e c h n i q u e s  t o  h a n d l e  n o n s t a t i o n a r y  p r o c e s s e s .  A d r a w b a c k  
t o  u s i n g  l i n e a r  f i l t e r i n g  t e c h n i q u e s  f o r  n o i s e  r e d u c t i o n  
i s  t h a t  t h e  d e s i r e d  s i g n a l  i s  a l s o  p a s s e d  t h r o u g h  t h e  
f i l t e r  and i s  t h e r e b y  m o d i f i e d  ( s e e  f i g .  1 . 1 ) .  D i s t r e s s ­
i n g l y ,  s i g n a l s  w h o s e  q u a l i t y  h a s  b e e n  i m p r o v e d  b y  s u c h  
m e t h o d s  d o  n o t  a l w a y s  r e t a i n  an i n t e l l i g i b i l i t y  i m p r o v e ­
ment  when s u b s e q u e n t l y  d i g i t a l l y  e n c o d e d  f o r  l o w  b i t  r a t e  




F i g u r e  1 . 1  LINEAR FILTERING
M o d e l  f i t t i n g  m e t h o d s  u s e  a p r i o r i  i n f o r m a t i o n  a b o u t  
t h e  c l a s s  o f  s i g n a l s  t o  be  t r a n s m i t t e d .  P a r a m e t e r s  
d e s c r i b i n g  t h e  s i g n a l  a r e  d e t e r m i n e d  and s e n t .  The  s i g n a l  
e s t i m a t e  i s  t h e n  s y n t h e s i z e d  f r o m  t h e  e s t i m a t e d  p a r a m e t e r s .  
T r a n s m i s s i o n  o f  a s i n g l e  d i g i t a l  b i t  i s  s u c h  a s c h e m e
w h i c h  h a s  f o u n d  w i d e  u s e  b e c a u s e  o f  i t s  i n h e r e n t  n o i s e  
r e d u c t i o n  c a p a b i l i t y .  L i n e a r  P r e d i c t i v e  C o d i n g  i s  a n o t h e r  
s u c h  t e c h n i q u e  w h i c h  h a s  f o u n d  w i d e  u s e  i n  t h e  s p e e c h  
p r o c e s s i n g  c o m m u n i t y .  In t h e  f i e l d  o f  s p e e c h  e n c o d i n g  i t  
i s  p e r h a p s  t h e  b e s t  known o f  t h e s e  m e t h o d s ,  t h o u g h  i t  i s  
n o t  p a r t i c u l a r l y  e f f e c t i v e  f o r  n o i s e  r e d u c t i o n .  The 
H o m o m o r p h i c  v o c o d e r  d e v e l o p e d  by  N e i l  M i l l e r  a t  t h e  
U n i v e r s i t y  o f  Utah [5 ]  i s  a n o t h e r  e x a m p l e  o f  m o d e l  f i t t i n g  
t e c h n i q u e s .
N o i s e  r e d u c t i o n  b y  m o d e l  f i t t i n g  s u f f e r s  f r o m  t wo  
m a j o r  p r o b l e m s .  D e v e l o p i n g  a m o d e l  w h i c h  i s  n o t  s e n s i t i v e  
t o  n o i s e ,  i s  a f o r m i d a b l e ,  i f  n o t  i m p o s s i b l e  t a s k .  And 
when an a c c e p t a b l e  m o d e l  i s  d e r i v e d ,  i t  i s  s t i l l  n e c e s s a r y  
t o  e s t i m a t e  i t s  p a r a m e t e r s  a c c u r a t e l y  i f  n o i s e  r e d u c t i o n  
i s  t o  be  a c h i e v e d .  In t h e  p r e s e n c e  o f  n o i s e ,  s u c h  p a r a m e ­
t e r  e s t i m a t i o n  i s  n o t  a t r i v i a l  m a t t e r .  I n  f a c t ,  i t  i s  i n  
t h i s  a r e a  t h a t  many o f  t h e  o f t e n  u s e d  c o d i n g  t e c h n i q u e s  
s u c h  a s  LPC a p p e a r  t o  f a i l  i n  n o i s y  e n v i r o n m e n t s  [6 ]  ( s e e  
f i g  . 1 . 2 ) .
SIGNAL ANALYZER SYNTHESIZER
Figure 1 . 2  MODEL FITTING
N o i s e - c a n c e l l a t i o n  m e t h o d s  a r e  s i g n i f i c a n t l y  d i f f e r ­
e n t  i n  p h i l o s o p h y  f r o m  o t h e r  n o i s e - r e d u c t i o n  t e c h n i q u e s .  
T h e y  a t t e m p t  t o  e s t i m a t e  t h e  a c t u a l  d i s t u r b i n g  n o i s e  i n  
t h e  t i m e  d o m a i n  and p e r f o r m  an a l g e b r a i c  s u b t r a c t i o n  o f  
t h e  n o i s e  e s t i m a t e  t o  p r o d u c e  a s i g n a l  e s t i m a t e .  T h e s e  
p r o c e d u r e s  h a v e  b e e n  u s e d  f o r  a n t e n n a  s i d e - l o b e  c a n c e l l a ­
t i o n  [ 7 ] - [ 8 ] ,  d i g i t a l  c h a n n e l  e q u a l i z a t i o n  [ 9 ] ,  t e l e p h o n e  
c h a n n e l  e c h o  c a n c e l l a t i o n  [ 1 0 ]  — [ 13 ]  , n o i s e  r e d u c t i o n  i n  
e l e c t r o - c a r d i o g r a p h y  [ 1 4 ] ,  and s p e c t r a l  l i n e  e n h a n c e m e n t
[ 1 5 ] .  An e s p e c i a l l y  d e s i r a b l e  a t t r i b u t e  o f  t h e s e  m e t h o d s  
i s  t h a t  i f  t h e  n o i s e  h a s  b e e n  g e n e r a t e d  a c c o r d i n g  t o  t h e  
m o d e l l e d  f o r m ,  t h e  s i g n a l  c a n  b e  r e c o v e r e d  u n a l t e r e d .  In 
p r a c t i c e ,  t h e  s i g n a l  e s t i m a t e s  o b t a i n e d  f r o m  s u c h  t e c h ­
n i q u e s  a r e  c o m p a t i b l e  w i t h  LPC m e t h o d s .  T h i s  i s  b e c a u s e  
t h e  s i g n a l ' s  p h a s e  i s  n o t  a l t e r e d  by  p a s s i n g  t h r o u g h  a 
f i l t e r  ( s e e  f i g .  1 . 3 ) .  T he y  d o ,  h o w e v e r ,  r e q u i r e  a n o i s e  
r e f e r e n c e  c h a n n e l  a n d ,  w h i l e  b e i n g  c o n c e p t u a l l y  s i m p l e ,  
t h e y  a r e  o f t e n  c o m p u t a t i o n a l l y  d e m a n d i n g .
L i t e r a t u r e  R e v i e w
B e f o r e  d e s c r i b i n g  t h e  w o r k  c o m p l e t e d  d u r i n g  t h i s  
r e s e a r c h ,  l e t  us  r e v i e w  r e l a t e d  e a r l i e r  w o r k .  In d o i n g  
t h i s  i t  i s  w e l l  t o  r e m e mb er  t h a t  much o f  t h e  r e n e w e d  
e m p h a s i s  i n  n o i s e  r e d u c t i o n  i n  s p e e c h  s i g n a l s  i s  a r e s u l t  
o f  t h e  d e v e l o p m e n t  o f  t h e  L i n e a r  P r e d i c t i v e  C o d i n g  s c h e m e  
b y  A t a l  and H a n a u e r  [ 1 6 ] .  M c A u l ay  [1]  and Makho u l  [ 1 7 ] ,  





F i g u r e  1 . 3  NOISE CANCELLING
p e r f o r m a n c e  a c h i e v e d  b y  t h i s  s c h e m e  i n  t h e  p r e s e n c e  o f  
n o i s e .  Y e g n a n a r a y a n a  d e s c r i b e d  t h e  c a u s e s  o f  some o f  
t h e s e  f a i l u r e s ,  a s  w e l l  a s  c r i t i c i z e d  p o s s i b l e  s o l u t i o n s  
t o  t h e  p r o b l e m s  [ 6 ] ,
Many t e c h n i q u e s  w e r e  t h e n  a p p l i e d  t o  t h e  p r o b l e m  o f  
i m p r o v i n g  s p e e c h  i n t e l l i g i b i l i t y  i n  n o i s y  e n v i r o n m e n t s .  
T h e s e  t e c h n i q u e s  h a v e  f a l l e n  i n t o  t w o  b r o a d  c a t e g o r i e s :  
p r e p r o c e s s i n g  t e c h n i q u e s ,  w h i c h  a t t e m p t  t o  r e m o v e  t h e  
n o i s e  b e f o r e  s p e c t r a l  c o d i n g  t a k e s  p l a c e ,  and a l g o r i t h m  
m o d i f i c a t i o n s ,  w h i c h  a t t e m p t  t o  i n t e g r a t e  n o i s e  r e d u c t i o n  
w i t h  t h e  e n c o d i n g  p r o c e s s  i t s e l f .
M o s t  o f  t h e  p r e p r o c e s s i n g  w o r k  t h a t  h a s  b e e n  d o n e  h a s  
b e e n  l i n e a r  f i l t e r i n g  f o r  n o i s e  r e m o v a l .  F r e q u e n t l y ^ t h i s
h a s  b e e n  a l o n g  t h e  l i n e s  s u g g e s t e d  by  W i e n e r  [ 2 ] .  A 
r e v i e w  o f  l i n e a r  f i l t e r i n g  m e t h o d s  and d e v e l o p m e n t s  o f  
r e c e n t  y e a r s  h a s  b e e n  p u b l i s h e d  by  K a i l a t h  [ 1 8 ] .  I n c l u d e d  
i n  t h a t  p a p e r  i s  an e x t e n s i v e  b i b l i o g r a p h y  t o  w h i c h  t h e  
r e a d e r  i s  r e f e r r e d  f o r  mor e  l i n e a r  f i l t e r i n g  r e f e r e n c e s .
A s m a l l  a mo unt  o f  w or k  h a s  b e e n  d o n e  i n  d e f i n i n g  m o d e l s  t o  
b e  u s e d  a s  p r e p r o c e s s o r s ;  B o l l ' s  SABER a l g o r i t h m  i s  s u c h  a 
d e v e l o p m e n t  [ 1 9 ] .
A m a j o r i t y  o f  t h e  a l g o r i t h  m o d i f i c a t i o n s  w h i c h  h a v e  
b e e n  p r o p o s e d  h a v e  b e e n  m o d e l l i n g  c h a n g e s  t o  i n c o r p o r a t e  
new c a p a b i l i t i e s  o r  r e f i n e  o l d  o n e s .  B o l l  [ 2 0 ] ,  w i t h  
P r e d i c t i v e  N o i s e  C a n c e l l a t i o n ,  p r o p o s e d  a m e t h o d  o f  
m o d e l l i n g  t h e  n o i s e  a n d ,  h e n c e ,  m i n i m i z i n g  i t s  e f f e c t s .  
A t a s h r o o  [ 2 1 ]  p r o p o s e d  a m e t h o d  o f  p o l e - z e r o  m o d e l l i n g  
t o  g e t  a b e t t e r  s p e c t r a l  f i t .  And C h r i s t i a n s e n ,  i n  
a w o r d  r e c o g n i t i o n  c o n t e x t ,  p r o p o s e d  m o d i f y i n g  t h e  
a u t o c o r r e l a t i o n s  o f  t h e  n o i s y  s i g n a l  u n d e r  t h e  a s s u m p t i o n  
t h a t  t h e  s i g n a l  and n o i s e  w e r e  u n c o r r e l a t e d  [ 2 2 ] .  He t h e n  
c o n c l u d e d  t h a t  s u c h  a s c h e m e  was  n o t  p r o m i s i n g  s i n c e  t h e  
a s s u m p t i o n ,  w h i l e  t r u e  s t a t i s t i c a l l y  and f o r  l o n g  t i m e  
a v e r a g e s ,  was  a l m o s t  n e v e r  t r u e  o v e r  t h e  s h o r t  t i m e  
w i n d o w s  u s e d  i n  L i n e a r  P r e d i c t i v e  C o d i n g  a n a l y s i s .
O n l y  r e c e n t l y  h a s  much w o r k  b e e n  p u t  i n t o  a l g o r i t h m  
m o d i f i c a t i o n s  t o  i n c r e a s e  t h e  a c c u r a c y  o f  p a r a m e t e r  
e s t i m a t e s .  T h i s  w o r k  h a s  c e n t e r e d  a r o u n d  s t o c h a s t i c  
e s t i m a t i o n  t e c h n i q u e s .  The r e a d e r  i s  r e f e r r e d  t o  an e a r l y
p a p e r  by  B o d e  and S h a n n o n  [ 2 3 ]  and a m o r e  r e c e n t  t e x t  b y  
Box and J e n k i n s  [ 2 4 ]  f o r  m or e  i n f o r m a t i o n  a b o u t  m o d e l l i n g  
and p a r a m e t e r  e s t i m a t i o n .
I n  t h i s  r e s a r c h ,  A d a p t i v e  N o i s e  C a n c e l l a t i o n  h a s  b e e n  
a p p l i e d  a s  a p r e - f i l t e r i n g  t e c h n i q u e  o f  n o i s e  r e d u c t i o n .  
T h i s  t e c h n i q u e  u s e s  an a l g o r i t h m  r e l a t e d  t o  o n e  p r o p o s e d  
b y  R o b b i n s  and M o n r o e  [ 2 5 ]  and a n a l y z e d  b y  S a k r i s o n  [ 2 6 ]  
t o  r e m o v e  t h e  n o i s e  f r o m  t h e  n o i s y  s i g n a l  a l g e b r a i c a l l y .  
I t s  b a s i c  f o r m  was  d e v e l o p e d  b y  Wi dr o w  and H o f f  [ 2 7 ] ,  and 
d e s c r i b e d  b y  Wi d r o w  [ 2 8 ] ,  S e n n e  [ 2 9 ] ,  K a u n i t z  [ 1 4 ] ,  and 
W i d r o w ,  e t  a l . [ 3 0 ] .
S e n n e  [ 2 9 ]  a n a l y z e d  t h e  b e h a v i o r  o f  t h e  a l g o r i t h m  
u n d e r  a s s u m p t i o n s  o f  G a u s s i a n  i n p u t s  and i n d e p e n d e n t  
r e f e r e n c e  n o i s e  m e a s u r e m e n t s .  D a n i e l l  [ 3 1 ]  e x t e n d e d  t h e  
c o n v e r g e n c e  p r o o f s  t o  i n c l u d e  c e r t a i n  t y p e s  o f  c o r r e l a t e d  
n o i s e  m e a s u r e m e n t s ,  and Kim and D a v i s s o n  a n a l y z e d  t h e  
e f f e c t s  o f  " M - d e p e n d e n c e "  and r e q u i r e m e n t s  t o  g u a r a n t e e  
c o n v e r g e n c e  u n d e r  s u c h  c o n d i t i o n s  [ 3 2 ] .  K a u n i t z  [ 1 4 ]  
e x t e n d e d  t h e  c o n d i t i o n s  u n d e r  w h i c h  t h e  a l g o r i t h m  c o n ­
v e r g e s  b y  i m p l e m e n t i n g  a r a n d o m r e f e r e n c e  n o i s e  s a m p l e r  
f o r  t h e  p u r p o s e  o f  u p d a t i n g  t h e  f i l t e r .  W i d r o w ,  e t  a l .
[ 3 3 ]  a l s o  a n a l y z e d  t h e  a l g o r i t h m ' s  p e r f o r m a n c e  u n d e r  
c e r t a i n  n o n s t a t i o n a r y  c o n d i t i o n s .
A s i m p l e r  a l g o r i t h m  was  p r o p o s e d  b y  M o s c h n e r  [ 3 4 ]  and 
r e s e a r c h e r s  a t  B e l l  L a b o r a t o r i e s  [ 1 2 ]  w h i c h  was  mor e  
e a s i l y  i m p l e m e n t e d  b u t  had l e s s  f a v o r a b l e  c o n v e r g e n c e
p r o p e r t i e s .  M c S h e r r y  [ 3 5 ]  and Nagumo and Noda [ 3 6 ]  
s u g g e s t e d  t h e  u s e  o f  a s l i g h t l y  d i f f e r e n t  g r a d i e n t  s e a r c h  
a p p r o a c h  w h i c h  a l l o w e d  t h e  a l g o r i t h m  t o  m a i n t a i n  a c o n ­
s t a n t  a d a p t a t i o n  " t i m e - c o n s t a n t "  e v e n  t h o u g h  i t s  e n e r g y  
f l u c t u a t e d  w i d e l y .  G i t l i n ,  M a z o ,  and T a y l o r  [ 3 7 ]  d i s ­
c u s s e d  t h e  d e s i g n  o f  g r a d i e n t  a l g o r i t h m s  f o r  d i g i t a l  
a p p l i c a t i o n s ,  and  F r o s t  [ 3 8 ]  d e s c r i b e d  an a l g o r i t h m  w h i c h  
was  a d a p t i v e ,  b u t  s u b j e c t  t o  e q u a l i t y  c o n s t r a i n t s .
N o i s e  c a n c e l l a t i o n  h a s  b e e n  a p p l i e d  t o  many p r o b l e m s  
i n  t h e  p a s t .  R i e g l e r  and C o mp t on  [7]  and W i d r o w ,  e t  a l .
[ 3 8 ]  a p p l i e d  t h e  t e c h n i q u e  t o  a n t e n n a  i n t e r e f e r e n c e  
r e j e c t i o n .  L u c k y  [9 ]  s u g g e s t e d  i t s  u s e  f o r  d i g i t a l  
c h a n n e l  e q u a l i z a t i o n ,  w h i l e  S o n d h i  [ 1 0 ] ,  M u e l l e r  [ 1 1 ] ,  
R o s e n b e r g e r  and Thomas  [ 1 3 ] ,  and W e i n s t e i n  [ 12 ]  h a v e  
d e s c r i b e d  i t s  u s e  f o r  e c h o  c a n c e l l a t i o n  i n  t h e  t e l e p h o n e  
n e t w o r k .  G l o v e r  [ 1 5 ]  d e s c r i b e d  i t s  u s e  f o r  t h e  e x t r a c t i o n  
o f  n a r r o w  ban d  s i g n a l s  o r  n o i s e .  And K a u n i t z  [ 1 4 ]  p e r ­
f o r m e d  e x p e r i m e n t s  u s i n g  i t  f o r  n o i s e  r e d u c t i o n  i n  e l e c t r o ­
c a r d i o g r a p h y .  He a l s o  p e r f o r m e d  some e x p e r i m e n t s  w h e r e i n  
h i g h l y  s t y l i z e d  n o i s e  was  r e m o v e d  f r o m  a n o i s y  s p e e c h  
s i g n a l  w h i c h  was  m ea nt  t o  s i m u l a t e  an a i r c r a f t  c o c k p i t .  
W i d r o w ,  e t  a l .  [ 3 0 ]  r e p o r t e d  many o f  t h e s e  r e s u l t s  and 
u s e s  i n  a r e v i e w  o f  n o i s e  c a n c e l l i n g  d e v e l o p m e n t s  l a t e  
i n  1 9 7 5 .  ,
O p t i m i z a t i o n  C r i t e r i o n
N o i s e  c a n c e l l a t i o n  i s  a c h i e v e d  b y  a l g e b r a i c a l l y  
s u b t r a c t i n g  a n o i s e  e s t i m a t e  f r o m  t h e  c u r r e n t  n o i s y  
s i g n a l .  S i n c e  t h i s  c o u l d  e a s i l y  r e s u l t  i n  an i n c r e a s e  i n  
n o i s e  p o w e r  a t  t h e  o u t p u t  o f  t h e  s y s t e m ,  r a t h e r  t h a n  t h e  
d e s i r e d  d e c r e a s e ,  we o u g h t  t o  e x a m i n e  t h e  m e c h a n i s m  by  
w h i c h  t h i s  i s  a v o i d e d .
L e t  us  a s s u m e  t h a t  we a r e  g i v e n  x ( t ) ,  t h e  sum o f  two  
m u t u a l l y  u n c o r r e l a t e d  s i g n a l s ,  s ( t )  and n ( t ) ,  and a t h i r d  
s i g n a l  v ( t ) ,  w h i c h  i s  m u t u a l l y  u n c o r r e l a t e d  w i t h  s ( t ) .  We 
c a n  t h e n  f o r m  a s i g n a l  e s t i m a t e
( 2 . 1 )  s ( t )  = x ( t ) -  u ( t ) = s ( t ) + [ n ( t ) -  u ( t ) ] ,
w h e r e  u ( t )  i s  a n o i s e  e s t i m a t e  w h i c h  we w i l l  c o n s t r a i n  t o  




S i n c e  s ( t )  i s  u n c o r r e l a t e d  w i t h  v ( t )  ( and  h e n c e  u ( t ) ) ,
( 2 . 4 )  E { s ( t ) 2 } = E { s ( t ) 2 } + E { [ n ( t ) -  u ( t ) ] 2 } .
The  mean p o w e r  o f  t h e  s i g n a l  e s t i m a t e  i s  t h e  sum o f  t h e  
mean p o w e r  o f  t h e  s i g n a l  and t h e  mean p o w e r  o f  t h e  n o i s e  
e s t i m a t i o n  e r r o r  [ n ( t )  -  u ( t ) ] .
S i n c e  t h e  mean p o w e r  o f  t h e  s i g n a l  i s  f i x e d ,  m i n i ­
m i z i n g  t h e  mean o u t p u t  p o w e r  m i n i m i z e s  t h e  p o w e r  i n  t h e  
n o i s e  e s t i m a t i o n  e r r o r ,  w h i c h  i s  e q u a l  t o  t h e  p o w e r  i n  t h e  
s i g n a l  e s t i m a t i o n  e r r o r .  T h e r e f o r e ,  m i n i m i z i n g  t h e  mean 
o u t p u t  p o w e r  c a u s e s  t h e  s i g n a l  e s t i m a t e  s ( t )  t o  be  a l e a s t  
mean s q u a r e s  f i t  t o  t h e  s i g n a l  s ( t ) .  The m i n i m i z a t i o n ,  o f  
c o u r s e ,  mu s t  b e  c a r r i e d  o u t  b y  c h o o s i n g  an h ( t )  ( t h e  
i m p u l s e  r e s p o n s e  o f  t h e  f i l t e r  t h r o u g h  w h i c h  v ( t )  i s  
p a s s e d  t o  g e n e r a t e  u ( t ) )  w h i c h  m i n i m i z e s  t h e  p o w e r  i n  
s ( t ) .  We,  t h e n ,  a r e  l o o k i n g  f o r  h ( t )  w h i c h  s a t i s f i e s
M i n [ E { s ( t ) 2 } ]  . 
h ( t )
In p r a c t i c a l  s i t u a t i o n s  a d d i t i o n a l  u n c o r r e l a t e d  
n o i s e s  may be  p r e s e n t .  F o r  d e v e l o p m e n t  d e t a i l s  o f  s u c h  a 
s i t u a t i o n  r e f e r  t o  A p p e n d i x  A,  w h e r e  t h e  c o n d i t i o n a l  mean 
o f  s u c h  a p r o c e s s  i s  c a l c u l a t e d .
B l o c k  S o l u t i o n
S i n c e  i t  i s  i n t e n d e d  t o  i m p l e m e n t  n o i s e  c a n c e l l a t i o n  
u s i n g  a d i g i t a l  f i l t e r ,  i t  s e e m s  t h a t  a s o l u t i o n  f o r  h ( t )
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in  v e c t o r  n o t a t i o n  i s  now a p p r o p r i a t e .  Let  v n , x n , s n ,
e t c .  b e  t h e  v a l u e  o f  t h e  c o r r e s p o n d i n g  s i g n a l  a t  t i m e  nT,  
w h e r e  T i s  t h e  s a m p l i n g  i n t e r v a l .  (We i m p l i c i t l y  a s su m e  a 
b a n d - l i m i t e d  s i g n a l  a t  t h i s  p o i n t . )
D e f i n e  t h e  v e c t o r s
( 2 . 5 ) V = n
V h.n l , n
v  . h„—
Ii
c . 2 ,  n
• •
• H =  n •
• •
v  T  . o  n - L + 2 c
i—1 i
s:
Vn - L + 1 h T  L,  n
w h e r e  L i s  t h e  l e n g t h  o f  t h e  f i l t e r  t o  be  e s t i m a t e d  and Ht 
i s  t h e  f i l t e r .  We t h e n  h a v e
( 2 . 6 )  u = V „ T H = H T V .n n n n n
The  s a m p l e  s i g n a l  e s t i m a t e  i s  c a l c u l a t e d  by  s u b t r a c t i n g
u f r o m  x . n n
( 2 . 7 )  s _  = x -  u = x -  V TH = x_  -  H TV^7 n n n n n n  n n n
S q u a r i n g  y i e l d s
( 2 . 8 )  s n 2 = ( Xn -  u n )
2 T T T= x -  2x V H + H V V H n n n n  n n n n
And t a k i n g  th e  e x p e c te d  v a lu e  g i v e s
( 2 . 1 0 )  E ( s  2 ) = E ( X 2 ) 2 -  E ( x V T )H + HTE( V V T } h .' n n n n n n
D e f i n i n g
( 2 . 1 1 )  P = E { x nVn ) 
and
( 2 . 1 2 )  R = E { V n VnT }
we h a v e ,  a t  t h i s  p o i n t  a s s u m e d  t h a t  P and R a r e  n o t
f u n c t i o n s  o f  t i m e ,
y i e l d i n g
( 2 . 1 3 )  E ( s  2 > = E { x 2 > -  2PTH + HTRHn n
w h i c h  i s  a q u a d r a t i c  f u n c t i o n  o f  H, h e n c e  h a s  a u n i q u e  
minimum H*.  B e c a u s e  o f  o u r  a s s u m p t i o n s  o f  s t a t i o n a r i t y  
t h i s  f i l t e r  w i l l  a l s o  be  s t a t i o n a r y .  By d i f f e r e n t i a t i n g  
w i t h  r e s p e c t  t o  t h e  e l e m e n t s  o f  H we g e t
( 2 . 1 4 )  V = -  2P + 2RH .
S e t t i n g   ^ = 0 t o  f i n d  t h e  o p t i m a l  H, we g e t
Assuming a s t a t i o n a r y  channel  H g i v e s
I n  r e v i e w i n g  t h e  i m p l i c a t i o n s  o f  t h i s  r e s u l t ,  we 
s h o u l d  r e m e m b er  t h a t  i t  i s  q u i t e  p o s s i b l e  f o r  H t o  b e  a 
s t a t i o n a r y  c h a n n e l ,  w h i l e  x ( t )  and v ( t )  a r e  n o t  s t a t i o n a r y  
p r o c e s s e s .  I t  i s  t h e  p r o d u c t  o f  t h e  i n v e r s e  o f  t h e  
a u t o - c o v a r i a n c e  m a t r i x  and t h e  c r o s s - c o r r e l a t i o n  v e c t o r  
w h i c h  m u s t  b e  s t a t i o n a r y .  I f  b o t h  c h a n g e  w i t h  t i m e  i n  
s u c h  a manner  t h a t  t h e i r  p r o d u c t  r e m a i n s  c o n s t a n t ,  t h e  
o p t i m a l  c h a n n e l  w i l l  b e  s t a t i o n a r y .  I t  i s  t h i s  c o n d i t i o n ,  
i n  p r a c t i c e ,  w h i c h  i s  r e q u i r e d  t o  be  n e a r l y  t r u e .
In  o r d e r  t o  c a l c u l a t e  t h i s  o p t i m a l  f i l t e r ,  an e s t i ­
mat e  o f  t h e  a u t o - c o r r e l a t i o n  m a t r i x  R and t h e  c r o s s ­
c o r r e l a t i o n  v e c t o r  P mus t  b e  m a de .  The n e c e s s i t y  o f  
i n v e r t i n g  R p r e c l u d e s  a l l o w i n g  t h e  t i m e  r e s p o n s e  o f  t h e  
f i l t e r  t o  h a v e  e x t r e m e l y  l a r g e  n u m b er s  o f  a c t i v e  ( n o n ­
z e r o )  p o i n t s .  We m u s t  b e  s a t i s f i e d  w i t h  a f i n i t e  l e n g t h  
f i l t e r ,  a l b e i t  an o p t i m a l  f i n i t e  f i l t e r .  We m u s t ,  t h r o u g h  
k n o w l e d g e  o f  t h e  p r o c e s s ,  o r  b y  a r b i t r a r y  d e c r e e ,  s p e c i f y  
t h e  l e n g t h  o f  t h e  f i l t e r ,  and t h e  a mo unt  o f  d e l a y  t o  be  
i n c o r p o r a t e d  t o  a l l o w  t h e  c r e a t i o n  o f  an e f f e c t i v e l y  
n o n - c a u s a l  f i l t e r .  The s p e c i f i c a t i o n  o f  t h e s e  p a r a m e t e r s  
c a n  be  t h o u g h t  o f  a s  s p e c i f y i n g  t h e  " a c t i v e  i n t e r v a l "  o r  
" d o m a i n "  o f  t h e  f i l t e r .
I n  p e r f o r m i n g  t h e  e x p e r i m e n t s  d e s c r i b e d  a s  " b l o c k  
a n a l y s e s , "  t h e  a c t i v e  i n t e r v a l s  o f  t h e  f i l t e r s  w e r e  c h o s e n  
t o  c o r r e s p o n d  w i t h  t h e  a c t i v e  i n t e r v a l s  c h o s e n  f o r  t h e  
" a d a p t i v e  a n a l y s e s . "  The  f i l t e r s  t h e m s e l v e s  w e r e
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c a l c u l a t e d  u s i n g  a s t a n d a r d  L e v i n s o n ' s  r e c u r s i o n  a l g o r i t h m
[ 40 ]  o p e r a t i n g  o n  a u t o -  and c r o s s - c o r r e l a t i o n  e s t i m a t e s  
w h i c h  w e r e  c a l c u l a t e d  b y  a v e r a g i n g  s a m p l e  c o r r e l a t i o n s  o f  
s h o r t e r  " b l o c k s . "  The  s a m p l e  c o r r e l a t i o n s  w e r e  c a l c u l a t e d  
b y  t a k i n g  s t r a i g h t f o r w a r d  i n n e r  p r o d u c t s  o f  a p p r o p r i a t e  
d a t a  v e c t o r s .  A l l  s u c h  i n n e r  p r o d u c t s  w e r e  o f  t h e  same 
l e n g t h  f o r  a ny  g i v e n  e x p e r i m e n t ,  and no  z e r o e s  w e r e  
a p p e n d e d  t o  a n y  d a t a  v e c t o r .  T h a t  i s ,  t h e  s a m p l e  c o r ­
r e l a t i o n s  w e r e  n o t  c a l c u l a t e d  a s  " w i n d o w e d "  c o r r e l a t i o n s ,  
b u t  a s  t r u e  s a m p l e  c o r r e l a t i o n s .  S u c c e e d i n g  " b l o c k s "  w e r e  
d i s j o i n t ,  and t h e  u n i o n  o f  a l l  u s e d  b l o c k s  was  t h e  e n t i r e  
s i g n a l  s e t .  T h u s ,  t h e  f i n a l  o p t i m a l  f i l t e r  e s t i m a t e  i s  a 
g l o b a l l y  o p t i m a l  f i n i t e  f i l t e r  f o r  t h e  a c t i v e  i n t e r v a l  
s p e c i f i e d .
A d a p t i v e  S o l u t i o n
I n  p r a c t i c e ,  t h e  c h a n n e l  t o  be e s t i m a t e d  c a n n o t  
a l w a y s  be  g u a r a n t e e d  t o  be s t a t i o n a r y .  F o r  t h i s  r e a s o n  i t  
i s  f e l t  t h a t  a n o n - t e r m i n a t i n g  a d a p t i v e  e s t i m a t o r  i s  m o s t  
a p p l i c a b l e .  T h a t  i s ,  we w a n t  t o  u s e  an e s t i m a t o r  w h i c h  
c o n t i n u e s  t o  a d a p t  e v e n  a f t e r  i t  h a s  a c h i e v e d  a go od 
c h a n n e l  e s t i m a t e .
S i n c e  we w a n t  t o  c a l c u l a t e  H a d a p t i v e l y  we m i g h t  
t r y  a s t a n d a r d  s t e e p e s t  d e s c e n t  a l g o r i t h m
( 2 . 1 6 ) H , = H -  yV n+1 n M n
where the param eter  y c o n t r o l s  c on vergen c e  and s t a b i l i t y ,
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U n f o r t u n a t e l y ,  we d o  n o t  h a v e  a c c e s s  t o  V , s o  mus t  be  
s a t i s f i e d  w i t h  a g r a d i e n t  e s t i m a t e  V . w i d r o w  [ 28 ]  h a s  
s u g g e s t e d  t h e  u s e  o f
( 2 . 1 7 ) V = - 2 s  V n n n
w h i c h  y i e l d s  t h e  a l g o r i t h m
( 2 . 1 8 ) Hn+1 = Hn + 2 l , s nv n •
O t h e r s  h a v e  s u g g e s t e d  many s i m i l a r ,  b u t  s l i g h t l y  d i f f e r e n t  
a l g o r i t h m s  t o  w h i c h  we h a v e  r e f e r r e d  i n  c h a p t e r  1 .
By d e f i n i n g  t h e  e x p e c t e d  v a l u e  o f  H a s  M i t  i s  s i m p l e  
t o  s e e  t h a t
( 2 . 1 9 )  Mn = [ I  - 2  UR]n HQ + R 1 P -  [ I  - 2 y R ] n R 1 P
By d i a g o n a l i z i n g  R,  i t  i s  a s h o r t  s t e p  t o  show t h a t
( 2 . 2 0 )  l i m t M  } = R 1 P
n + oo
f o r  0 < y <
max
w h e r e  A i s  t h e  l a r g e s t  e i g e n v a l u e  o f  t h e  m a t r i x  R.  The max 3 3
v a r i a n c e  o f  t h e  e s t i m a t e  c a n  a l s o  b e  f o r c e d  b e l o w  a ny  
a r b i t r a r y  p o s i t i v e  l i m i t  a s  n g e t s  l a r g e  f o r  u n c o r ­
r e l a t e d  w i t h  V j  f o r  k ^ j  [ 2 9 ] .  Under  f u r t h e r  a s s u m p t i o n s  
c o n v e r g e n c e  h a s  a l s o  b e e n  shown f o r  s p e c i a l  c a s e s  o f  
c o r r e l a t e d  V j . A s y m p t o t i c  b e h a v i o r ,  r e s i d u a l  e r r o r ,  
and n o n s t a t i o n a r y  b e h a v i o r  i n  s p e c i a l  c a s e s  h a v e  a l s o  
b e e n  i n v e s t i g a t e d  e l s e w h e r e .
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S i n c e  t h e  a l g o r i t h m  c o n v e r g e s  t o  R ^P,  i t  i s  o f  some
i n t e r e s t  t o  l o o k  b r i e f l y  a t  i t s  c h a r a c t e r i s t i c s  u n d e r  
c o n d i t i o n s  s i m i l a r  t o  t h o s e  u s e d  i n  c a l c u l a t i n g  t h e  
c o n d i t i o n a l  e x p e c t a t i o n  o f  S i n  A p p e n d i x  A.  T h a t  i s ,  l e t  
t h e  r e f e r e n c e  n o i s e  V b e  t h e  sum o f  t wo  m u t u a l l y  u n c o r ­
r e l a t e d  r a nd o m v a r i a b l e s .  One o f  t h e s e  (N)  c a n  be  c o r ­
r e l a t e d  w i t h  t h e  n o i s e  i n  t h e  n o i s y  s i g n a l ,  w h i l e  t h e  
s e c o n d  (M2)  i s  t o  be  u n c o r r e l a t e d  w i t h  t h e  n o i s y  s i g n a l .  
Then
( 2 . 2 1 )  V = N + M2
The  b r a c e d  t e r m s  show t h e  W i e n e r  F i l t e r i n g  p e r f o r m e d  t o  
o b t a i n  N f r o m  V,  w h i l e  t h e  r e m a i n i n g  t e r m s  p e r f o r m  t h e  
t r a n s f o r m a t i o n  m e n t i o n e d  i n  A p p e n d i x  A.  S i n c e  i t  i s  now 
b e i n g  p e r f o r m e d  w i t h o u t  a p r i o r i  k n o w l e d g e  o f  t h e  s t a t i s  
t i c a l  b e h a v i o r  o f  x ( t )  and v ( t ) ,  o n l y  t h e  s u b s e q u e n t
and
( 2 . 2 2 ) R = E { v n VnT}  = E { ( N n + M2n ) ( N n + M2n ) T }
E { N n Nn T  + N nM2n T  + M2n Nn T  + M2n M 2 n T }
RNN + RM2M2
s o
( 2 . 2 3 )
R - 1 tRNN[RNN + RM2M2
- 1 }PNN
s u b t r a c t i o n  i s  p e r f o r m e d ,  l e a v i n g  t h e  f i n a l  f i l t e r i n g  
d e s c r i b e d  i n  t h e  a p p e n d i x  u n d o n e .  Of  c o u r s e ,  i f  s t a t i s ­
t i c s  a r e  k n o wn ,  t h e  f i n a l  f i l t e r i n g  o p e r a t i o n  s h o u l d  
b e  p e r f o r m e d .
S i n c e  t h e  o p t i m a l  f i l t e r  i s  a f u n c t i o n  o f  t h e  i n v e r s e  
o f  R,  R ( e q .  2 . 1 5 ) ,  i t  s e e m s  a p p r o p r i a t e  t o  c o n s i d e r  
t h e  c o n d i t i o n i n g  o f  R.  I f  R i s  s i n g u l a r ,  a d d i t i o n a l  
c o n d i t i o n s  m u s t  b e  i m p o s e d  t o  o b t a i n  an o p t i m a l  s o l u t i o n
[ 3 9 ] .  T h i s  d o e s  n o t  me a n ,  i n  g e n e r a l ,  t h a t  t h e r e  i s  no  
s o l u t i o n ,  s i m p l y  t h a t  i t  i s  n o t  u n i q u e .  T h i s  c o n d i t i o n  i s  
f r e q u e n t l y  e n c o u n t e r e d  i n  p r a c t i c e  when t h e  i n t e r f e r i n g  
n o i s e  i s  p e r i o d i c ,  o r  n e a r l y  p e r i o d i c .  W h i l e  c h a n n e l  
e s t i m a t i o n  i s  n o t  c o m p l e t e l y  p o s s i b l e  i n  s u c h  c a s e s ,  i t  i s  
o n l y  n e c e s s a r y  t o  e s t i m a t e  t h e  c h a n n e l  a c c u r a t e l y  i n  t h o s e  
f r e q u e n c y  b a n d s  w h e r e  s i g n i f i c a n t  i n t e r f e r i n g  e n e r g y  i s  
p r e s e n t .  Even t h o u g h  t h e  c h a n n e l  e s t i m a t e  may b e  c o n ­
s i d e r e d  p o o r  i n  s u c h  a s i t u a t i o n ,  t h e  n o i s e  r e d u c t i o n  
a c h i e v a b l e  may b e  s i g n i f i c a n t .
D a t a  G e n e r a t i o n
The m a n n e r  o f  d a t a  g e n e r a t i o n  i s  i r r e l e v a n t  t o  t h e  
p r e c e d i n g  d e v e l o p m e n t s .  B u t ,  b y  s u g g e s t i n g  a d a t a  
g e n e r a t i o n  s c h e m e ,  g r e a t e r  a p p r e c i a t i o n  f o r  t h e  n o i s e  
c a n c e l l a t i o n  p r o c e d u r e  c a n  be  f o s t e r e d  and d i f f i c u l t i e s  
m o r e  e a s i l y  u n d e r s t o o d .  I t  i s  c l e a r  t h a t  i f  t h e  d a t a  c a n  
b e  a c c u r a t e l y  m o d e l l e d  a s  shown i n  f i g u r e  2 . 1 ,  and i f  t h e  
c h a n n e l  c a n  be  a c c u r a t e l y  m o d e l l e d  a s  a f i n i t e  l e n g t h  a l l -
z e r o  f i l t e r ,  p e r f e c t  n o i s e  c a n c e l l a t i o n  c a n  be  a c h i e v e d  i f  
t h e  e s t i m a t e d  l i n e a r  f i l t e r ,  H,  i s  s e t  e q u a l  t o  G.
S I G N A L  
S O U R C E
N O I S E
S O U R C E
F i g u r e  2 . 1  BASIC DATA GENERATION MODEL
F i g u r e  2 . 2  s h o w s  a m o d e l  w h i c h  r e s e m b l e s  a c t u a l  
a c o u s t i c  s i g n a l  g e n e r a t i o n  mo r e  c l o s e l y .  I t s  e q u i v a l e n c e  
t o  t h e  p r e v i o u s  m o d e l  ( a s  shown i n  f i g u r e  2 . 3 )  g i v e s  us  
h o p e  t h a t  a h i g h  d e g r e e  o f  n o i s e  c a n c e l l a t i o n  i s  s t i l l  
p o s s i b l e .
A d d i t i o n a l  n o i s e  s o u r c e s ,  s u c h  a s  e x t r a  u n c o r r e l a t e d  
n o i s e s  a t  t h e  n o i s y  s i g n a l  and n o i s e  r e f e r e n c e  p i c k - u p s ,  
d e g r a d e  p e r f o r m a n c e ,  b u t  a r e  e a s i l y  a n a l y z e d ,  a s  was  d o n e  
a b o v e .  I f  t h e s e  e x t r a  s o u r c e s  h a p p e n  t o  be  m u t u a l l y

R e a l  Time  P e r f o r m a n c e
S i n c e  an o b j e c t i v e  o f  t h i s  r e s e a r c h  h a s  b e e n  t o  a p p l y  
a r e l a t i v e l y  u n t r i e d  p r o c e d u r e  t o  t h e  p r o b l e m  o f  n o i s e  
r e d u c t i o n  i n  a c o u s t i c a l l y  h o s t i l e  e n v i r o n m e n t s ,  t h e  r a t e  
a t  w h i c h  t h e  p r o c e d u r e  c a n  o p e r a t e  i s  o f  c o n s i d e r a b l e  
i m p o r t a n c e .  I f  t h e  a d a p t i v e  f i l t e r  i s  u p d a t e d  a t  t h e  
s a m p l i n g  r a t e ,  we m u s t  p e r f o r m  two  m u l t i p l i e s  and a d d i ­
t i o n s  f o r  e a c h  p o i n t  i n  t h e  a c t i v e  i n t e r v a l  o f  t h e  f i l t e r  
d u r i n g  e a c h  s a m p l i n g  i n t e r v a l .  One o f  t h e s e  m u l t i p l i e s  
and a d d i t i o n s  i s  p e r f o r m e d  t o  p r o d u c e  t h e  o u t p u t  o f  t h e  
a d a p t i v e  f i l t e r ,  and t h e  o t h e r  i s  p e r f o r m e d  i n  t h e  p r o c e s s  
o f  u p d a t i n g  t h e  f i l t e r  i t s e l f .  O f  c o u r s e  t h e r e  a r e  a f e w  
a d d i t i o n a l  o p e r a t i o n s  w h i c h  c a n  b e  v i e w e d  a s  o v e r h e a d ,  
s i n c e  t h e y  d o  n o t  d e p e n d  o n  t h e  f i l t e r  l e n g t h .  I f  t h e  
number  o f  p o i n t s  i n  t h e  f i l t e r ' s  a c t i v e  i n t e r v a l  i s  l a r g e ,  
t h i s  t a s k  i s  f o r m i d a b l e .  I n  o r d e r  t o  a c c o m p l i s h  i t ,  some 
t y p e  o f  p a r a l l e l  p r o c e s s i n g  may n e e d  t o  b e  p e r f o r m e d .
The m o s t  s t r a i g h t f o r w a r d  a p p l i c a t i o n  o f  p a r a l l e l  
p r o c e s s i n g  c o u l d  be  c a l l e d  t i m e - d o m a i n  p a r a l l e l i s m .  In 
a p p l y i n g  t h i s  p r o c e d u r e  t h e  t r o u b l e s o m e  c a l c u l a t i o n s  




b e  p e r f o r m e d  a t  t h e  n e c e s s a r y  r a t e  by  s e v e r a l  p r o c e s s o r s  
w o r k i n g  s i m u l t a n e o u s l y .
The  t r o u b l e s o m e  o p e r a t i o n s  a r e
( 3 . 1 )
and
u = H V n n n
H , = H + 2 p s  V n+1 n n n
L e t  us  p a r t i t i o n  Hn and V , s o  t h a t
and
rn m rn
H = [H, H„ ] A n L I n  2n
Vn = tVl n T v 2nT ] T *
We s e e  t h a t  e q u a t i o n  3 . 1  may b e  r e w r i t t e n  a s
u „ =  u,  + u -  . n 1 2
We a l s o  s e e  t h a t  
H-l n + 1
w h i l e
w h e r e
and
H2 n + l
H, + 2 p s  V,  , I n  p n I n  '
H„ + 2 Ms V -  , zn n 2n
Tu,  = Hn V,1 I n  I n
Tu 0 = H 0 V 0 .2 2n 2n
The p r o b l e m  h a s  b e e n  b r o k e n  i n t o  two  s m a l l e r  p r o b l e m s  
w h i c h  c a n  be  h a n d l e d  by  s e p a r a t e  a r i t h m e t i c  u n i t s .
F u r t h e r  d i v i s i o n  c o u l d ,  o f  c o u r s e ,  be  p e r f o r m e d  u n t i l  t h e
r p r o b l e m  h a s  b e e n  r e d u c e d  t o  a s i z e  w h i c h  c a n  be  p e r f o r m e d
b y  a v a i l a b l e  u n i t s  w o r k i n g  i n  p a r a l l e l .
A s e c o n d  a p p l i c a t i o n  o f  p a r a l l e l  p r o c e s s i n g  t e c h ­
n i q u e s  c o u l d  be  v i e w e d  a s  f r e q u e n c y  d i v i s i o n  p a r a l l e l i s m  
o f  m u l t i - c h a n n e l  p r o c e s s i n g ,  t h o u g h  a l l  o f  t h e  p r o c e s s i n g  
i s  p e r f o r m e d  i n  t h e  t i m e  d o m a i n  ( s e e  f i g .  3 . 1 ) .  In  t h i s  
s c h e m e ,  t h e  r e f e r e n c e  n o i s e  i s  p a s s e d  t h o r u g h  a ban k  o f  
b a n d - p a s s  f i l t e r s .  I t  i s  p r e f e r a b l e  i f  t h e s e  f i l t e r s  a r e  
o f  e q u a l  b a n d w i d t h s  o c c u p y i n g  s e p a r a t e  f r e q u e n c y  b a n d s ,  
and  h a v i n g  t h e  same l i n e a r  p h a s e .  The  b a n d s ,  when c o n ­
s i d e r e d  a s  a w h o l e ,  s h o u l d  s p a n  t h e  p a r t  o f  t h e  s p e c t r u m  
o c c u p i e d  by  t h e  o r i g i n a l  r e f e r e n c e  n o i s e .  T h e s e  c o n ­
s t r a i n t s  s i m p l i f y  i m p l e m e n t a t i o n  and v i s u a l i z a t i o n  o f  t h e  
p r o c e s s ,  b u t  a r e  n o t  c o n s t r a i n t s  a r i s i n g  f r o m  t h e  m a t h e ­
m a t i c a l  d e s c r i p t i o n  o f  t h e  p r o c e d u r e .  B e s i d e s  a l l o w i n g  
p a r a l l e l  p r o c e s s i n g ,  t h i s  p r o c e s s  p e r f o r m s  s i g n i f i c a n t l y  
b e t t e r  t h a n  t h e  s t a n d a r d  ANC t e c h n i q u e  i n  some s i t u a t i o n s  
w h e r e  t h e  a d a p t i v e  f i l t e r  f a i l s  t o  c o n v e r g e r  p r o p e r l y  when 
i m p l e m e n t e d  i n  t h e  s t a n d a r d  m a n n e r .  A f u r t h e r  d e s c r i p t i o n  
i s  f o u n d  i n  t h e  f o l l o w i n g  s u b s e c t i o n .
M u l t i c h a n n e l  P r o c e s s i n g
M u l t i c h a n n e l  p r o c e s s i n g  i s  a p r o c e d u r e  w h i c h  a l l o w s  
p a r a l l e l  p r o c e s s i n g  o f  n o i s y  s i g n a l s .  I n  a d d i t i o n ,  i t  
i m p r o v e s  t h e  c o n v e r g e n c e  p r o p e r t i e s  o f  t h e  n o i s e  c a n c e l ­
l i n g  a l g o r i t h m .  I f  t h e  r e f e r e n c e  n o i s e  i t s e l f  i s  n o t  
w h i t e ,  a s e v e r e  p r o b l e m  may b e  e n c o u n t e r e d  w h i l e  e m p l o y i n g
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t h e  s t a n d a r d  ANC a l g o r i t h m .  C o n v e r g e n c e  i s  n o t  n e c e s ­
s a r i l y  g u a r a n t e e d  i n  s u c h  c a s e s ,  and i f  i t  d o e s  t a k e  
p l a c e ,  t h e  r a t e  a t  w h i c h  i t  o c c u r s  i s  n o t  e a s i l y  e s t i m a ­
t e d .  I f  t h e  n o i s e  h a s  v a r y i n g  s p e c t r a l  d e n s i t i e s  i n  
d i f f e r e n t  f r e q u e n c y  b a n d s ,  i t  w i l l  c o n v e r g e  a t  d i f f e r e n t  
r a t e s  i n  t h e  d i f f e r e n t  b a n d s ,  i f  i t  c o n v e r g e s  a t  a l l .
T h i s  i s  b e c a u s e  t h e  s t a b i l i t y  o f  c o n v e r g e n c e  and c o n v e r ­
g e n c e  r a t e  a r e  r e l a t e d  t o  t h e  e n e r g y  i n  t h e  n o i s e  r e f e r ­
e n c e  s i g n a l .  F o r  a mo r e  d e t a i l e d  d e s c r i p t i o n  o f  t h e s e  
p r o p e r t i e s  t h e  r e a d e r  i s  r e f e r r e d  t o  a p p e n d i x  B.  I f  an 
a t t e m p t  i s  made t o  i n c r e a s e  t h e  a d a p t a t i o n  r a t e  i n  o r d e r  
t o  a c h i e v e  a d e s i r e d  c o n v e r g e n c e  r a t e  i n  a band w i t h  l o w  
e n e r g y  , t h e  e s t i m a t i o n  p r o c e s s  may g o  u n s t a b l e ;  t h e  
s i g n a l  e s t i m a t i o n  e r r o r  w i l l  be  i n c r e a s e d .
T h i s  s e e m i n g l y  d i f f i c u l t  p r o b l e m  c a n  be  d e a l t  w i t h  i n  
t w o  w a y s .  F i r s t ,  i t  c a n  be  i g n o r e d .  I f  t h e  n o i s y  s i g n a l  
d o e s  n o t  c o n t a i n  s i g n i f i c a n t  e n e r g y  i n  t h e  f r e q u e n c y  b a n d s  
w h e r e  t h e  r e f e r e n c e  n o i s e  h a s  l o w  e n e r g y ,  i t  may n o t  b e  
n e c e s s a r y  t o  h a v e  an a c c u r a t e  c h a n n e l  e s t i m a t e  i n  t h o s e  
b a n d s ;  a f t e r  a l l ,  i t  i s  n o i s e  r e d u c t i o n ,  n o t  c h a n n e l  
e s t i m a t i o n ,  w h i c h  we d e s i r e .  And s e c o n d ,  t h e  s i g n a l  may 
b e  t r e a t e d  a s  " p i e c e w i s e  w h i t e , "  t h a t  i s ,  i t  may be  
d i v i d e d  i n t o  f r e q u e n c y  b a n d s  w h i c h  c o n t a i n  n e a r l y  c o n s t a n t  
s p e c t r a l  d e n s i t i e s .  T h e s e  b a n d s  may b e  u s e d  a s  i n d e ­
p e n d e n t  n o i s e  r e f e r e n c e  i n p u t s  and m u l t i - c h a n n e l  p r o c e s s ­
i n g  e m p l o y e d .  B e c a u s e  t h e  d i f f e r e n t  f r e q u e n c y  b a n d s  c a n  
t h e n  be  e s t i m a t e d  by  i n d e p e n d e n t  n o i s e  c a n c e l l e r s ,  t h e  
c o n v e r g e n c e  r a t e s  o f  e a c h  band  may b e  s p e c i f i e d  i n d e ­
p e n d e n t l y ,  t h u s  a l l o w i n g  a l l  b a n d s  t o  c o n v e r g e  a t  t h e  same 
r a t e  ( o r  d i f f e r e n t  r a t e s ) ,  e v e n  t h o u g h  t h e  r e f e r e n c e  
e n e r g y  i n  e a c h  b a n d  i s  d i f f e r e n t .
A d e s c r i p t i o n  o f  t h e  b a s i c  p r o c e s s ,  s hown i n  f i g u r e  
3 . 1 ,  f o l l o w s .  The  o u t p u t  o f  o n e  o f  t h e  b a n d - p a s s  f i l t e r s  
i s  a p p l i e d  t o  a n o i s e  c a n c e l l i n g  p r o c e s s o r  a s  t h e  n o i s e  
r e f e r e n c e  i n p u t ,  w h i l e  t h e  n o i s y  s i g n a l  i s  a p p l i e d  a s  t h e  
o t h e r  i n p u t ;  t h e  r e s u l t i n g  s i g n a l  e s t i m a t e  i s  t h e n  a p p l i e d  
a s  t h e  n o i s y  s i g n a l  t o  a s e c o n d ,  i n d e p e n d e n t  n o i s e  c a n c e l ­
l i n g  p r o c e s s o r ,  w h i c h  u s e s  a s  i t s  n o i s e  r e f e r e n c e  i n p u t ,  
t h e  o u t p u t  o f  a s e c o n d  o f  t h e  b a n d - p a s s  f i l t e r s .  The  
r e s u l t i n g  s i g n a l  e s t i m a t e  c a n  be  s u b s e q u e n t l y  t r e a t e d  a s  a 
n o i s y  s i g n a l ,  and t h e  p r o c e d u r e  c o n t i n u e d  by  p u t t i n g  i n  
ta nd e m  f u r t h e r  i n d e p e n d e n t  p r o c e s s o r s  u n t i l  a l l  o f  t h e  
a v a i l a b l e  r e f e r e n c e  i n p u t s  h a v e  b e e n  u s e d .
I f  t h e  p r o c e s s  i s  i m p l e m e n t e d  d i r e c t l y  a s  d e s c r i b e d ,  
c o n v e r g e n c e  b e n e f i t s  may b e  d e r i v e d ,  b u t  t h e  number  o f  
c a l c u l a t i o n s  r e q u i r e d  t o  be  p e r f o r m e d  by  e a c h  p r o c e s s o r  
w i l l  be  i n c r e a s e d .  S i n c e  t h e  a c t i v e  i n t e r v a l  o f  t h e  
f i l t e r  r e m a i n s  c o n s t a n t ,  t h e  number  o f  c a l c u l a t i o n s  
r e q u i r e d  i s  p r o p o r t i o n a l  t o  t h e  number  o f  p r o c e s s o r s  
p e r f o r m i n g  t h e m .  T h u s ,  e a c h  p r o c e s s o r  m u s t  p e r f o r m  a s  
many c a l c u l a t i o n s  a s  i f  i t  w e r e  d o i n g  t h e  j o b  a l o n e .  I f  
t h e  b a n d w i d t h  o f  e a c h  b a n d - p a s s  f i l t e r  i s  c o n s t r a i n e d  t o  
b e  l e s s  t h a n  a f a c t o r  o f  N s m a l l e r  t h a n  t h e  b a n d w i d t h  
a l l o w e d  b y  t h e  s a m p l i n g  r a t e ,  h o w e v e r ,  t h e  number  o f  
o p e r a t i o n s  r e q u i r e d  o f  e a c h  p r o c e s s o r  c a n  be  r e d u c e d  b y  a 
f a c t o r  o f  N.  T h i s  c a n  be  a c h i e v e d  b y  e f f e c t i v e l y  d o w n ­
s a m p l i n g  t h e  n o i s e  r e f e r e n c e  i n p u t s  b y  a f a c t o r  o f  N,
s i n c e  t h e i r  b a n d w i d t h s  a l l o w  i t .  T h i s  d o w n - s a m p l i n g  c a n  
b e  p e r f o r m e d  w i t h o u t  t h e  n e e d  f o r  a c o m p l i c a t e d  i n t e r p o l a ­
t i o n  s c h e m e  a t  t h e  f i l t e r  o u t p u t  i f  i t  i s  d o n e  by s i m p l y  
a l l o w i n g  o n l y  o n e  f i l t e r  p o i n t  i n  N t o  be  n o n - z e r o .  O n l y  
t h o s e  p o i n t s ,  t h e n ,  a r e  u s e d  i n  p e r f o r m i n g  t h e  n e c e s s a r y  
c a l c u l a t i o n s .  W h i l e  t h i s  c a u s e s  f r e q u e n c y - d o m a i n  a l i a s i n g  
o f  t h e  f i l t e r  i t s e l f  ( i t  a p p a r s  t o  be  u n d e r - s a m p l e d  w i t h  
r e s p e c t  t o  t h e  o r i g i n a l  s a m p l i n g  r a t e ) ,  t h e  i n c o m i n g  
r e f e r e n c e  d a t a  h a s  a l r e a d y  b e e n  f i l t e r e d  t o  p r e v e n t  i t  
f r o m  c o n t a i n i n g  s p e c t r a l  c o m p o n e n t s  i n  any  b u t  o n e  o f  t h e  
r e d u c e d  b a n d w i d t h  s p e c t r a l  c o p i e s .  Each o f  t h e  i n d e ­
p e n d e n t  n o i s e  c a n c e l l e r s  c a n  t h u s  b e  r e q u i r e d  t o  p e r f o r m  a 
s m a l l e r  number  o f  c a l c u l a t i o n s  t h a n  t h a t  r e q u i r e d  i f  t h e  
j o b  w e r e  b e i n g  d o n e  by  a s i n g l e  p r o c e s s o r .
O t h e r  S u g g e s t e d  M o d i f i c a t i o n s
In  e x a m i n i n g  t h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  o f  t h e  
b a s i c  n o i s e  c a n c e l l a t i o n  a l g o r i t h m s  d e s c r i b e d  i n  c h a p t e r  
2 ,  i t  h a s  b e c o m e  a p p a r e n t  t h a t  c e r t a i n  d e f i c i e n c i e s  e x i s t .  
By a l t e r i n g  t h e  a l g o r i t h m s  s l i g h t l y  some o f  t h e s e  d e f i ­
c i e n c i e s  c a n  b e  m i n i m i z e d .  Among t h e  p r o p e r t i e s  r e q u i r i n g  
i m p r o v e m e n t  a r e  t h e  a b i l i t y  t o  d e a l  w i t h  n o n s t a t i o n a r y  
i n p u t  s i g n a l s ,  c o n v e r g e n c e ,  and  c o n v e r g e n c e  r a t e  s t a b i l i t y .
I f  t h e  b l o c k  a n a l y s i s  a p p r o a c h  i s  i m p l e m e n t e d ,  r a t h e r  
t h a n  an a d a p t i v e  a p p r o a c h ,  a l a r g e  d e l a y  i s  i n t r o d u c e d  
i n t o  t h e  s y s t e m .  F u r t h e r m o r e ,  i f  t h e  s i g n a l s  a r e  n o t  
s t a t i o n a r y ,  b l o c k  a n a l y s i s  i s  n o t  l i k e l y  t o  p r o d u c e  a ny
s o r t  o f  o p t i m a l  f i l t e r  f o r  a ny  p a r t i c u l a r  s e g m e n t  o f  t h e  
s i g n a l .  I t  a t t e m p t s  t o  g e n e r a t e  a f i l t e r  w h i c h  r e s u l t s  i n  
t h e  minimum t o t a l  o u t p u t  p o w e r ,  b u t  may d o  a v e r y  p o o r  
j o b  on  some s e g m e n t s  o f  t h e  s i g n a l .  I n  s h o r t ,  i t  was  n o t  
d e v e l o p e d  f o r  n o n s t a t i o n a r y  s i g n a l s .  By b l o c k  p r o c e s s i n g  
s h o r t  s e g m e n t s ,  h o w e v e r ,  i t  c o u l d  be  a d a p t e d  f o r  u s e  w i t h  
some k i n d s  o f  n o n s t a t i o n a r y  s i g n a l s .
I f  t h e  a d a p t i v e  p r o c e d u r e  i s  i m p l e m e n t e d ,  t h e  p r i m a r y  
d i f f i c u l t i e s  c e n t e r  o n  t h e  c o n v e r g e n c e  p r o p e r t i e s  o f  t h e  
a l g o r i t h m .  P r e v i o u s  d e v e l o p m e n t s  o f  c o n v e r g e n c e  r a t e  and 
s i g n a l  e s t i m a t i o n  e r r o r  h a v e  r e l i e d  o n  t h e  a s s u m p t i o n  t h a t  
t h e  e i g e n v a l u e s  o f  t h e  n o i s e  r e f e r e n c e  a u t o - c o v a r i a n c e  
m a t r i x  a r e  c o n s t a n t  and e q u a l  ( s e e  a p p e n d i x  B ) .  T h i s  i s  
r e l a t e d  d i r e c t l y  t o  r e q u i r e m e n t s  o f  s t a t i o n a r i t y  o f  t h e  
r e f e r e n c e  n o i s e .  I t  r e l a t e s ,  i n  p a r t i c u l a r ,  t o  t h e  
a s s u m p t i o n s  t h a t  t h e  r e f e r e n c e  n o i s e  h a s  a c o n s t a n t  
e n e r g y ,  and  i s  w h i t e .  I n  p r a c t i c e ,  t h e s e  a s s u m p t i o n s  
c o u l d  be  q u i t e  u n f o u n d e d .  The c o n s e q u e n c e s  o f  t h e  
v i o l a t i o n  o f  t h e s e  a s s u m p t i o n s  a r e  q u i t e  d i r e c t .  The  
c o n v e r g e n c e  r a t e  o f  t h e  a d a p t i v e  f i l t e r  b e c o m e s  t i m e -  
v a r y i n g ,  c a u s i n g  p o s s i b l e  i n s t a b i l i t i e s ,  and t h e  s i g n a l  
e s t i m a t i o n  a c c u r a c y  a l s o  b e c o m e s  t i m e - v a r y i n g .  S i n c e  
t h i s  p r o b l e m  i s  c a u s e d  b y  t h e  d e p e n d e n c e  o f  c o n v e r ­
g e n c e  o n  t h e  e i g e n v a l u e s  o f  R ( a n d  h e n c e  t h e  e n e r g y  o f  
t h e  n o i s e  r e f e r e n c e  s i g n a l )  i t  c a n  be  a l l e v i a t e d  by  
i m p l e m e n t i n g  some s o r t  o f  a u t o m a t i c  g a i n  c o n t r o l .  T h i s
may be  i n t r o d u c e d  i n  b o t h  i n p u t  s i g n a l  p a t h s  and t h e  
may be  i n t r o d u c e d  i n  b o t h  i n p u t  s i g n a l  p a t h s  and  t h e  
o u t p u t  s i g n a l  p a t h ,  o r  i n  t h e  f e e d b a c k  p a t h  a l o n e .  A 
s i m p l e  s o l u t i o n  h a s  b e e n  d e s c r i b e d  by  M c S h e r r y  [ 3 5 ]  and 
Nagumo and Noda  [ 3 6 ] .  I t  r e s u l t s  i n  e q u a t i o n  ( 2 . 1 8 )  b e i n g  
m o d i f i e d  t o  be
H - i - H" + ? " v "  •n n J
F u r t h e r  P r o b l e m  A s p e c t s
I t  s h o u l d  be  r e c o g n i z e d  t h a t  t h e r e  a r e  many o t h e r  
f a c e t s  o f  n o i s e  c a n c e l l a t i o n  w h i c h  must  be  c o n s i d e r e d  i n  
o r d e r  t o  a t t a i n  t h e  d e g r e e  o f  p e r f o r m a n c e  d e s i r e d .  W h i l e  
some o f  t h e s e  may se e m t r i v i a l ,  and o t h e r s  b e y o n d  o u r  
c o n t r o l ,  we s h o u l d  a t  l e a s t  be  a w a r e  o f  p r o b l e m s  t h a t  
e x i s t .
A k n o w l e d g e  o f  t h e  t y p e  o f  n o i s e  t o  be  r e m o v e d  i s  
e s s e n t i a l .  W h i l e  d e t a i l s  may b e  u n i m p o r t a n t ,  t h e  g e n e r a l  
c h a r a c t e r i s t i c s  o f  t h e  n o i s e  mus t  be  known b e f o r e  a n o i s e  
c a n c e l l a t i o n  s t r a t e g y  i s  s p e c i f i e d .  F o r  e x a m p l e ,  i f  t h e  
n o i s e  i s  p e r i o d i c ,  o r  n e a r l y  p e r i o d i c ,  an e n t i r e l y  d i f f e r ­
e n t  n o i s e  c a n c e l l a t i o n  s t r a t e g y  w i l l  be e m p l o y e d  t h a n  t h a t  
d e s c r i b e d  f o r  t h e  r e m o v a l  o f  b r o a d - b a n d  n o i s e .  The  a d a p ­
t a t i o n  r a t e s  and f i l t e r  l e n g t h s  s p e c i f i e d  w i l l  u n d o u b t e d l y  
be  d i f f e r e n t  i n  t h e  t w o  c a s e s .  P e r i o d i c  n o i s e  c a n  be  
e l i m i n a t e d  w i t h  a much s h o r t e r  f i l t e r  t h a n  c a n  w h i t e  
n o i s e ,  t h e  a d a p t a t i o n  r a t e  c a n  be  made c o r r e s p o n d i n g l y
f a s t e r  w i t h  no  l o s s  i n  a c c u r a c y ,  and t h e  n o i s e  r e d u c t i o n  
c a n  o f t e n  be  a c c o m p l i s h e d  w i t h o u t  an i n d e p e n d e n t  r e f e r e n c e  
n o i s e  m e a s u r e m e n t .  F o r  mor e  d e t a i l s  c o n c e r n i n g  t h e  
r e m o v a l  o f  n a r r o w - b a n d  n o i s e  t h e  r e a d e r  i s  r e f e r r e d  t o  
G l o v e r  [ 1 5 ] .
S i n c e  t h e  n o i s e  c a n c e l l i n g  f i l t e r  i s  t o  be  i m p l e ­
m e n t e d  a s  a t r a n s v e r s a l  d i g i t a l  f i l t e r ,  s e v e r a l  a d d i t i o n a l  
c o n s t r a i n t s  a r e  i m p l i e d .  F i r s t ,  b y  t h e  m e r e  a c t  o f  
s p e c i f y i n g  d i g i t a l  p r o c e s s i n g  we h a v e  i m p l i e d  t h a t  many 
c o n d i t i o n s  w i l l  be  m e t .  The  s i g n a l s  t o  be d i g i t i z e d  w i l l  
be  b a n d - l i m i t e d  t o  a f r e q u e n c y  c o r r e s p o n d i n g  t o  h a l f  t h e  
s a m p l i n g  r a t e ;  a c e r t a i n  amount  o f  q u a n t i z a t i o n  e r r o r  w i l l  
b e  a l l o w e d ;  t h e  s a m p l i n g  w i l l  be  d o n e  a c c u r a t e l y  a t  t h e  
e n d s  o f  u n i f o r m  t i m e  i n t e r v a l s .  S e c o n d ,  b y  u s i n g  a 
t r a n s v e r s a l  f i l t e r ,  we h a v e  c o n s t r a i n e d  t h e  f i l t e r  t o  be  
c a u s a l  and f i n i t e .  I t  i s  t o  be  a c a u s a l  and t r u n c a t e d  
W i e n e r  F i l t e r .  Of  c o u r s e ,  i n t r o d u c t i o n  o f  a p p r o p r i a t e  
d e l a y s  c a n  r e s u l t  i n  a f i l t e r  w h i c h  i s  e f f e c t i v e l y  n o n -  
c a u s a l ,  b u t  s t i l l  f i n i t e .  The  d e t e r m i n a t i o n  o f  s u c h  
d e l a y s  i s  n o t  a w e l l  d e f i n e d  p r o c e d u r e ,  b u t  must  be  d o n e  
e x p e r i m e n t a l l y  f o r  a ny  g i v e n  a p p l i c a t i o n ,  t h o u g h  t h e y  c a n  
o f t e n  be  a r b i t r a r i l y  s p e c i f i e d  b e c a u s e  o f  an u n d e r s t a n d i n g  
o f  t h e  p h y s i c s  o f  a p a r t i c u l a r  p r o b l e m .
W h i l e  a t r u l y  o p t i m a l  f i l t e r  may e x i s t ,  w h i c h  i s  
i n d e p e n d e n t  o f  n o i s e  c h a r a c t e r i s t i c s ,  when t h e  f i l t e r  i s  
c o n s t r a i n e d  t o  b e  o f  f i n i t e  l e n g t h ,  no  s u c h  f i l t e r  may
e x i s t .  The  o p t i m a l  f i l t e r ,  u n d e r  s u c h  a c o n s t r a i n t ,  may 
b e  v e r y  d e p e n d e n t  o n  t h e  t y p e  o f  n o i s e  p r e s e n t .
O t h e r  e f f e c t s  o f  u s i n g  a f i n i t e  l e n g t h  f i l t e r  d e p e n d  
l a r g e l y  o n  t h e  e n v i r o n m e n t .  I f  t h e  t r a n s f e r  f u n c t i o n s  o f  
t h e  e n v i r o n m e n t  w h i c h  t r a n s f o r m  t h e  n o i s e  p r o d u c e d  b y  t h e  
s o u r c e  i n t o  t h e  n o i s e  i n t e r f e r i n g  w i t h  t h e  s i g n a l  a t  t h e  
s i g n a l  s e n s o r ,  and t h e  r e f e r e n c e  n o i s e  p i c k e d  up b y  t h e  
r e f e r e n c e  s e n s o r ,  c a n  be  m o d e l l e d  a s  l i n e a r  f i l t e r s ,  t h e  
p r o b l e m  i s  r e d u c e d  t o  e s t i m a t i o n  o f  G2 ^G^ ( s e e  f i g .
2 . 3 )  .
T h o ug h  t h e y  a r e  a c t u a l l y  c h a r a c t e r i z e d  b y  many p o l e s  
and  z e r o e s ,  i f  G^ and ( f i g .  2 . 2 )  c a n  be  m o d e l l e d  a s  a l l  
z e r o  f i l t e r s ,  a s  c a n  p r o b a b l y  b e  e x p e c t e d ,  t h e  d i f f i c u l t y  
i n  e s t i m a t i n g  t h e  o p t i m a l  f i l t e r  a r i s e s  b e c a u s e  o f  t h e  
n e e d  t o  e f f e c t i v e l y  i n v e r t  G2 . I f ,  a s  h o p e d ,  i t  was  an 
a l l  z e r o  ( M o v i n g  A v e r a g e )  p r o c e s s ,  i t s  i n v e r s e  w i l l  b e  an 
a l l - p o l e  ( A u t o - R e g r e s s i v e )  p r o c e s s .  I t  i s  h i g h l y  u n l i k e l y  
t h a t  G2 i s  a "minimum p h a s e "  p r o c e s s ,  s i n c e  i t  i s  a 
p h y s i c a l l y  r e a l i z e d  p r o c e s s  w h i c h  w i l l  u n d o u b t e d l y  
i n t r o d u c e  p h a s e  d i s p e r s i o n .  I t  w i l l  h a v e  z e r o e s  o u t s i d e  
t h e  u n i t  c i r c l e  i n  t h e  z - p l a n e .  I t s  i n v e r s e  w i l l ,  t h e r e ­
f o r e ,  h a v e  p o l e s  o u t s i d e  t h e  u n i t  c i r c l e ,  a p p a r e n t l y  
t h r e a t e n i n g  t o  c a u s e  t h e  i n v e r s e  t o  be  u n s t a b l e .  T h i s  c a n  
b e  a v o i d e d ,  h o w e v e r ,  b y  r e c o g n i z i n g  t h a t  s u c h  a s y s t e m  
c o r r e s p o n d s  t o  an i m p u l s e  r e s p o n s e  w h i c h  i s  s t a b l e ,  b u t  
d o u b l y  i n f i n i t e  i n  l e n g t h .  I t  m u s t  b e  n o n - c a u s a l  and
n o n - t r u n c a t e d . Of  c o u r s e  i f  t h e s e  s i n g u l a r i t i e s  a r e  w e l l  
away f r o m  t h e  u n i t  c i r c l e ,  t h e  r e s p o n s e  w i l l  b e  d o m i n a t e d  
b y  r a p i d l y  d e c a y i n g  e x p o n e n t i a l  e n v e l o p e s .  As t h e y  
a p p r o a c h  z e r o  we may c h o o s e  t o  t r u n c a t e  them and u s e  o n l y  
t h o s e  p o i n t s  w h e r e  t h e  r e s p o n s e  h a s  had  m o r e  s i g n i f i c a n t  
e n e r g y .  T h i s  a l l o w s  us  t o  a p p r o x i m a t e  t h e  r e q u i r e d  d o u b l y  
i n f i n i t e  r e c u r s i v e l y  g e n e r a t e d  f i l t e r ,  w i t h  a f i n i t e  
t r a n s v e r s a l  f i l t e r .  As t h e  z e r o e s  o f  an<3 t h e  a c t u a l  
p o l e s  o f  G^ a p p r o a c h  t h e  u n i t  c i r c l e ,  h o w e v e r ,  t h e  
number  o f  p o i n t s  w h i c h  we m us t  a l l o w  i n  t h e  a c t i v e  
i n t e r v a l  o f  t h e  f i l t e r  t o  be  e s t i m a t e d  g r o w s  i f  we d e s i r e  
t o  m a i n t a i n  a c o n s t a n t  e r r o r .  The r e a d e r  i s  r e f e r r e d  t o  
a p p e n d i x  B f o r  m o r e  on  t h e  s u b j e c t  o f  f i l t e r  t r u n c a t i o n .
CHAPTER 4
B a s i c  E x p e r i m e n t s
I n  o r d e r  t o  e v a l u a t e  A d a p t i v e  N o i s e  C a n c e l l a t i o n  a s  a 
t e c h n i q u e  f o r  n o i s e  r e d u c t i o n  i n  a u d i o  s i g n a l s ,  many 
e x p e r i m e n t s  w e r e  p e r f o r m e d .  T h e s e  e x p e r i m e n t s  w e r e  
p e r f o r m e d  i n  f o u r  g r o u p s .  Th e y  w e r e  d e s i g n e d  t o  i d e n t i f y  
p o t e n t i a l  p e r f o r m a n c e ,  a c t u a l  p e r f o r m a n c e ,  p r o b l e m  a r e a s ,  
and e v a l u a t e  p o s s i b l e  s o l u t i o n s .
An e x p e r i m e n t a l  d a t a  b a s e  was  c r e a t e d  w h i c h  made 
p o s s i b l e  t h e  c o m p a r i s o n  o f  d i f f e r e n t  e x p e r i m e n t a l  r e s u l t s .  
A G e n e r a l  R a d i o  Company t y p e  1 3 9 0 - B  r ando m n o i s e  g e n e r a t o r  
was  u s e d  a s  a p r i m a r y  n o i s e  s o u r c e .  I t s  o u t p u t  was  
l o w - p a s s  f i l t e r e d  t o  3 . 2  KHz and s a m p l e d  a t  a r a t e  o f  6 . 6 7  
KHz f o r  u s e  a s  a n e a r l y  w h i t e  g a u s s i a n  n o i s e  s o u r c e  w h i c h  
c o u l d  b e  u s e d  r e p e a t e d l y .  A H e w l e t t - P a c k a r d  m o d e l  2Q9A 
o s c i l l a t o r  u s e d  a s  a s q u a r e  wav e  g e n e r a t o r  was  a l s o  u s e d  
t o  g e n e r a t e  a s i m i l a r l y  r e c o r d e d ,  n e a r l y  p e r i o d i c  n o i s e  
s a m p l e .  T h i s  s a m p l e  was  made h i g h l y  n o n s t a t i o n a r y  by  
v a r y i n g  t h e  f r e q u e n c y  a d j u s t m e n t  o f  t h e  s q u a r e - w a v e  
g e n e r a t o r  i n  a s e m i - r a n d o m  f a s h i o n  w h i l e  d i g i t i z a t i o n  was  
t a k i n g  p l a c e .  T h e s e  s a m p l e s  w e r e  t h e n  c o n c a t e n a t e d  and 
u s e d  a s  n o i s e  s o u r c e s  f o r  b o t h  s y n t h e t i c  and a c c o u s t i c a l l y  
r e c o r d e d  e x p e r i m e n t s .
EXPERIMENT DESCRIPTION
A number  o f  FI R  f i l t e r s  w e r e  t h e n  c r e a t e d  i n  o r d e r  t o  
a l l o w  a g r o u p  o f  e n t i r e l y  s y n t h e t i c  e x p e r i m e n t s  t o  be  
p e r f o r m e d .  F i v e  s u c h  f i l t e r s  h a v e  b e e n  u s e d  f o r  t h e  
m a j o r i t y  o f  t h e  e x p e r i m e n t a l  w o r k .  A l o w - p a s s  f i l t e r  w i t h  
i t s  c u t o f f  f r e q u e n c y  a t  a p p r o x i m a t e l y  1 50 0  Hz and a t r i p l e  
b a n d - p a s s  f i l t e r  w e r e  c r e a t e d  t o  a l l o w  an e v a l u a t i o n  o f  
t h e  t e c h n i q u e ' s  p r o m i s e  ( s e e  f i g .  4 . 1 ) .  Two r o o m - c h a n n e l  
e s t i m a t e s  w e r e  made f r o m  a c t u a l  m e a s u r e m e n t s  o f  a r o o m ' s  
r e s p o n s e  i n  o r d e r  t o  s i m u l a t e ,  d i g i t a l l y ,  an a c t u a l  r oom
[ 4 1 ] .  And a f i f t h  f i l t e r  was  c r e a t e d  b y  s p e c i f y i n g  t h e  
l o c a t i o n s  o f  a s e t  o f  z e r o e s  i n  t h e  z - p l a n e .  T h i s  f i l t e r  
had  f r e q u e n c y  b a n d s  w i t h  d i f f e r e n t ,  n e a r l y  c o n s t a n t  g a i n s  
and was u s e d  i n  s t u d y i n g  c e r t a i n  c o n v e r g e n c e  p r o p e r t i e s  o f  
t h e  a l g o r i t h m  ( s e e  f i g .  4 . 2 ) .
The n o i s e  b a s e  s a m p l e s  w e r e  p a s s e d  t h r o u g h  t h e s e  
f i l t e r s  and m e a s u r e m e n t s  w e r e  made t o  d e t e r m i n e  t h e  e n e r g y  
c o n t a i n e d  i n  t h e s e  s i g n a l s  b e f o r e  and a f t e r  f i l t e r i n g .
The  e n e r g i e s  m e a s u r e d  l a t e r  a l l o w e d  s i g n a l - t o - n o i s e  r a t i o s  
t o  b e  e a s i l y  s p e c i f i e d  when d i g i t a l l y  c r e a t i n g  n o i s y  
s p e e c h  s i g n a l s  b y  a d d i n g  s c a l e d  v e r s i o n s  o f  t h e s e  s i g n a l s  
t o  d i g i t a l l y  r e c o r d e d  s p e e c h  s i g n a l s .
N o i s e  R e d u c t i o n  M e a s u r e m e n t s
I n  o r d e r  t o  e v a l u a t e  p e r f o r m a n c e ,  i t  was  n e c e s s a r y  t o  
d e f i n e  a p r o c e d u r e  f o r  d e t e r m i n a t i o n  o f  s i g n a l  i m p r o v e m e n t .  
The  n o i s e  r e d u c t i o n  f i g u r e  was  c a l c u l a t e d  a s  t h e  r a t i o  o f  










-1 .119E + 2
I . 270E+2
0 . 000E+0 '3.333E+3
T H R E E  BAND P A S S  C H A N N E L
F igure  4 . 1  TWO SYNTHETIC CHANNELS
38




Figure 4.2 A MULTI-LEVEL SYNTHETIC CHANNEL (G2 )
8192 data samples during a period of no speech activity. 
During this time, the signal could be assumed to be zero, 
meaning that any input or output signals would be entirely 
noise. While this is not an acceptable method of noise 
measurement for many techniques, because of the nature of 
this technique of noise reduction, it is felt that the 
method is proper and results representative of its true 
performance can be thus obtained.
Synthetic Experiments
For the initial experiments digitally recorded speech 
signals were added to the filtered noise segments and used
as the noisy signals applied to the ANC algorithm, while 
the corresponding unfiltered noise segments were used as 
the noise reference input signals. For actual room 
simulation the noise filtered through one of the room 
channel estimates was used as the noise reference, while 
the noise filtered through the other channel was scaled 
and added to the digitized speech signal for use as the 
noisy signal. Typical results can be seen in figures 4.3,
4 . 4 and 4.5.
During these experiments, it was found that perfect 
cancellation could be achieved during extended periods of 
no speech activity. Of course, any non-zero signal at the 
output caused the adaptive feedback mechanism to actively 
adapt the estimated filter, even though it had achieved a 
perfect estimate. By referring to equation 2.18, it will 
be noted that the amount of such degradation is signal 
dependent. By using a slow adaption rate, however, this 
degradation can be kept below any desired positive level.
When white gaussian noise was used as the interfer­
ing noise, accurate channel estimates were obtained for 
both low-pass and multi-band-pass channels. When the 
highly correlated, nearly periodic noise samples were 
used, the channel estimates did not converge to the known 
channels. But the noise reduction in these cases was 
worsened only during times of changing noise charac­
teristics. The filter readily adapted to new noise
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the room estimates and two separate experiments were 
performed on the resulting signals.
In the first of these, the original noise signal was 
used as the reference noise, and one of the filtered 
signals was used as the noisy signal. No speech was added 
to this signal for this experiment. While the original 
room estimates were 4096 points in length, the adaptive 
filter was constrained to a length of 3000 points. An 
adaptation time-constant of approximately 0.4 seconds was 
specified. Noise reduction of -25 dB was measured for 
this experiment.
In the second experiment, the reference noise was 
provided by one of the digitally filtered signals, while 
the noisy signal was the output from the other room 
channel estimate. Again 3000 points were specified for 
the adaptive filter's length, half of them before t = 0 . 
The resulting noise reduction measured was -12 dB.
Multichannel Experiments
The final group of synthetic experiments performed 
were the multichannel experiments. It is easy to con­
ceive of a situation where the noise source is very 
broad-band and the noise received at the signal sensor 
exhibits similar characteristics, but the reference noise 
sensor, due to physical constraints, must be placed in a 
position where some segment of the noise spectrum has been 
greatly attenuated. In such a situation, it is imperative
that the channel be estimated accurately in all frequency 
bands, since the noise interfering with the signal has 
significant energy at all frequencies, even though the 
reference noise does not. Such a situation presents a 
particularly difficult challenge to the adaptive noise 
cancellation algorithm. Feeling that the problem could be 
minimized by the application of the multichannel process­
ing scheme referred to in chapter 3, experiments were 
performed to evaluate the effectiveness of that technique 
in such a situation.
In order to perform such an evaluation, the filter 
shown in figure 4.6a was generated and used as the channel 
G 2 while G^ was forced to be the identity system. The 
standard ANC algorithm was then applied, attempting to 
estimate G 2 "*" • The reference noise was then divided into 
two frequency bands, and the multichannel processing 
technique applied. A total equivalent filter was then 
calculated for comparison with the estimate of the single 
channel scheme. A block analysis was also performed for 
comparison.
The standard ANC algorithm provided -1.5 dB noise 
reduction in this perverse environment, while the multi­
channel scheme attained a level of -35 dB noise reduction. 
Figures 4.6 and 4.7 show the channel G 2 and the estimates 
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Acoustically Recorded Experiments
Other experiments were performed in an actual acous­
tic environment. The digitized noise sources were played 
through a single multielement BOSE loudspeaker and 
digitally recorded through two separate SONY ECM-270 
microphones placed at varying locations in the previously 
mentioned, hard-walled room. A speaker was situated near 
one of the microphones and spoke into it to provide the 
noisy signal, while the other microphone provided a signal 
which was used as the noise reference signal. For some 
problem evaluation work, the noise reference was picked up 
by electrically monitoring the speaker driving signal 
rather than through a second microphone. The active 
interval of the filters being estimated was arbitrarily 
chosen to be centered around t = 0. This was accomplished 
by delaying the noisy signal by half as many points as 
were specified as the length of the filter to be estimated.
A single channel room estimation was performed using 
the previously mentioned electrically monitored speaker 
driving signal as the reference noise, and a simultane­
ously acoustically recorded signal as the noisy signal.
This corresponded to forcing in figure 2.2 to be an 
identity system. The noise reduction achieved in this 
experiment was -24 d B .
Many experiments were performed using one acous­
tically recorded signal as the reference noise and a
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simultaneously recorded signal as the noisy signal.
Varying filter lengths were specified and two methods of 
estimating the noise cancelling filter were employed. One 
set of experiments used the block analysis approach 
described in chapter 2 to derive a single stationary 
filter which was used in the noise canceller. The second 
set employed the standard ANC procedure.
The results of these experiments are compared in 
figure 4.8. The variation from record to record when 
using the block analysis method of filter determination 
was considerable. For some experiments, results degraded 
by up to 20 dB from those shown were observed in some 
records. Improvements of several dB in other records were 
not uncommon. The results shown, however were the improve­
ment achieved in regions of little fluctuation, and 
correspond to the same records used for the adaptive 
filtering results. The results obtained with the adaptive 
filter were much more consistent from record to record 
except where they improved considerably (at least 10 dB 
for the longest filter length) during periods of highly
--------------1---------- 1---------- 1---------- 1---------- 1--------- 1-----------1---------- h -
10 25 50 100 200 400 750 1500 3000
Figure 4.8 RESULTS OF ACOUSTICALLY RECORDED EXPERIMENTS 
Filter Length vs. Noise Reduction in a Hard-walled Room 
A — Block Analysis ® — Adaptive Noise Cancellation
CONCLUSIONS
Observations on Results
The performance of the experiments presented in 
chapter 4 has provided much information and insight into 
the behavior of Adaptive Noise Cancellation. An analysis 
of the significance of the reported results is now 
presented.
The implementation of synthetic channels with short 
active intervals provided helpful understanding of the 
effects of deviation from the conditions assumed in 
mathematical analyses of the ANC process. When the 
reference noise measurements are not statistically inde­
pendent, as they are not when the noise is nearly peri­
odic, the adaptive filter is not guaranteed to converge to 
the optimal filter. Experimental examination of its 
performance under these conditions, however, showed that 
noise reduction was as good as, or better than that 
achieved when a white noise source was employed. Further 
examination of the adaptive filter's impulse response 
showed that such estimates of the channels were excellent 
in frequency bands where significant noise energy was 
present, and very poor where no noise was present. This
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was not uinexpected, since the adaptive filter's impulse 
response is a linear combination of previous reference 
noise sample vectors. The optimal filter was not unique 
for such noise. As the frequency of the noise was varied, 
however, degradation occured because the filter was not an 
accurate channel estimate at all frequencies.
The error caused by adapting after achieving a 
perfect channel estimate emphasized the fact that there is 
a feedback path from the signal output to the channel 
estimate. This is evident from the description of the 
adaptive process found in equation 2.18. If rapid adapta­
tion rates were chosen, this caused an effect much like an 
echo to be noticed at the signal estimate output.
A comparison of the results obtained from synthetic 
and actual rooms (-25 dB vs. -24 dB in the single channel 
case, and: -12 dB vs. -10.5 dB for the two channel case) 
indicates that the assumption that a room can be modelled 
as a linear, stationary channel is valid. The near 
agreement of the results also implies that the introduc­
tion of s;patially distributed noise sources, such as 
multi-element loudspeakers, is not a cause of great 
degradation in performance if such distribution is con­
fined to a relatively small region.
Perhaps the most significant results reported are 
those produced by multichannel processing. The intro­
duction of multichannel processing significantly improved
noise cancellation performance for the cases tested. The 
improved performance can be directly attributed to improved 
convergence of the adaptive filter, and specifically to 
the capability of the multichannel technique to allow 
different convergence rates in different bands. It is 
possible that the single channel technique would even­
tually converge to the optimal channel, or that a dif­
ferent adaptation rate would improve its performance. In 
either case, however, it would effectively converge in 
different frequency bands at different rates, and in the 
case of faster adaptation, a higher residual error would 
remain. When coupled with the increased filter length 
capacity available from multichannel processing (due to 
its inherent parallel processing nature) it is felt that 
its development has been significant.
The comparisons of filter length versus noise reduc­
tion for acoustically produced signals show relative 
performance losses caused by filter truncation. They are 
applicable to a single, hard-walled, acoustically live 
room about fifteen feet square, and ought not to be 
considered universally attainable levels. While the near 
agreement of the block analysis technique and the ANC 
algorithm indicates that the results are accurate, it is 
possible that extending the length of the data samples 
processed could result in changes to the reported results. 
That is, though the noise reduction levels reported
appeared to be relatively stable, the exceeding length of 
time required to perforin the experiments on the long 
filter lengths due to the software implementation of the 
ANC algorithm on a general purpose computer (DEC PDP-10), 
precluded the use of exceedingly long data segments.
The absolute noise reduction obtainable for a given 
filter length is extremely dependent upon the physical 
environment where the process is being employed. For this 
reason, it is impractical to assume that the levels 
reported will be obtained in any particular situation. If 
the process is to be implemented in a less reverberant 
environment, however, considerably better performance 
would be expected.
The comparisons of the ANC approach and the global 
block analysis yield some surprises. The first of these 
is that the ANC approach consistently performed better 
than the supposedly optimal channel estimate. This was 
because the block estimate was calculated over the entire 
noise sample, which was nonstationary. It consisted of 
alternating segments of white gaussian noise and a highly 
correlated noise sample produced by a square-wave genera­
tor, as described previously. The block analysis not 
developed under such assumptions and attempted to 
minimize the total output energy. In doing so, it often 
allowed slightly poorer signal estimates for many blocks 
in return for one particularly good estimate for a shorter
period. In addition, the adaptive technique was not 
constrained to perform the estimation of a single channel, 
but was allowed to vary it to improve estimation on a 
point by point basis. And the second surprise is the 
anomaly seen for the 3000 point block estimate. This was 
the result of the failure of Levinson's recursive inver­
sion algorithm [40] to obtain an accurate channel esti­
mate .
Summary
Many experiments have been performed which indicate 
that Adaptive Noise Cancellation is capable of signifi­
cantly reducing noise in audio signals if properly applied. 
The results of the research reported indicate that ANC 
techniques are promising for use in practical situations 
where audio noise levels are so high that other techniques 
are not applicable. The situation must be such that the 
additional costs of this type of processing can be justi­
fied. Requirements for two signal measurements must be 
justified and sufficient computing power must be availa­
ble. For audio signal processing, some sort of automatic 
gain control must be provided. If parallel processing is 
to be used due to the length of the adaptive filter 
required, or if knowledge of the environment and noise 
source indicates that convergence problems are likely, 
implementation of the multichannel processing scheme 
presented appears to be a desirable, effective solution.
Though the ANC technique has been shown to be effec­
tive for noise reduction in audio signals, there is still 
work to be done to understand it imore fully and improve 
its performance. Some work must be done on channel 
estimation of proposed operating environments for ANC 
implementation. Such work could be coupled with further 
truncation error development to predict achievable per­
formance for a given environment. Alternatively, using 
noise samples from such environmemts alone, or in con­
junction with channel estimates, accurate simulations of 
such environments could be made to determine the required 
adaptive filter lengths necessary for attaining the 
desired noise redu<. ion levels. Experimental work con­
cerning development of band-pass filters for use with the 
multichannel process might also be performed to optimize 
performance and minimize observed ringing of the total 




CALCULATION OF THE CONDITIONAL MEAN
Let us assume that we have four jointly independent, 
zero mean Gaussian Random Variables, S, N, ml, and m2, and 
that their variances are known. Furthermore, let us 
assume that we can measure directly only the sums
( A . l ) x = S + N + ml and V = N + m2
Then the mean of f(S|X,V), where f(.) is the probability 
density of (.), is the MMSE estimate of S. Let us, then, 
calculate E(S|X,V). Applying Bayes' Theorem
(A.2) f ,„|v _ f ( X , V I S ) f(S) f ( d I X , V ) ------f (X,V)-----
The denominator of this expression serves only to 
normalize the distribution; the form, and hence the mean 
of the distribution, can be determined from the numerator 
alone. We may proceed directly to calculate the numera­
tor. The conditional variance of X, given S, is simply
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(A.8 ) S = aS [(aN + am22 )X - aN 2 V]
2 . 2 2 . 2 2 2 . 2 2 , 
"  ( aml am2 a™1 a"’° ac ( a “ a">'J }'N ml m 2 N / __ «m 2
Thus we see that S is a linear combination of X and V.
(A.9) S = aX + bV
where
(A.1 0 ) a =
and
, 2 M 2 .(aM + a - ) N mz
2 , 2 2 . 2 2 2 . 2 . 2 .+ a „ ) + a n a „  + o. d.. + a „ ) N . ml m2 7 ml m2 S N m2
(A.11) b 
rewriting a
= - a ’N2 . 2 
N m2
(A.1 2 ) a =
„ 22 ^ 2 2 N
a S + % 1  am 2 2 2
aN + am2
we see, by careful examination, that the least mean 
squares estimate of S is formed by first calculating a 
Wiener filtered estimate of N using only the known sta­
tistics and V. This estimate is then subtracted from X, 
and the result is filtered to minimize the effects of the 
remaining noise, including ml and the residual from our 
misestimation of N. Had one of the measured signals 
contained not N, but a signal correlated with N, an 
additional coloration of V would have been required.
APPENDIX B
CHARACTERISTICS OF THE LMS ALGORITHM 
AND NOISE CANCELLATION
The LMS algorithm developed by Widrow and Hoff has
been applied to the problem of noise cancellation in many
contexts. Many of its properties have been written about
frequently. Some of them are briefly described here. Most
can be found described in more detail in reference [28].
In chapter 2, equations 2.19 and 2.20, it was shown
that the channel estimate H converged to the optimal
solution for 0 < y < y  . This condition is related
max
to the total reference noise input power by
\nax ‘ T R IR1 - J j  E t ' V l 21 •
If we assume ergodicity and compute the expected value as 
a time-average, we see that the input power is an upper 
bound on the maximum eigenvalue of R. It is the sum of 
all of the eigenvalues. Since R is positive definite, 
each of the eigenvalues must be positive. In the special 
case where all of the eigenvalues are equal, such as when 
R represents truly white, stationary noise, this bound is 
larger than necessary by a factor of L, where L is the 
dimension of the vector V.
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The weights of the adaptive filter adapt in such a 
way that their time-history is the sum of l complex 
exponentials with time-constants
i = 2"uT7 1 = 1 /2 / ... /LT 1




Since the mean squared error is a quadratic function 
of the weight values, the time-constant representing the 
rate at which the mean squared error approaches its final 
value is
m s e  2
If perfect noise cancellation cannot be achieved, a 
"misadjustment" measure defined as the ratio of the excess 
mean squared error to the minimum mean squared error has 
been defined. It has been shown to be
L
M = I y 2_
2 i=i T i
for statistically stationary processes. it is propor­
tional to the number of weights, L, and inversely 
proportional to the time constant. From equation 2.6 




In practice we could only hope for
N+L-lV u *un
and we can actually get
N + L - l  .
un
showing that we have two major sources of error. The 
first source is the error in the estimation of the h.
This error can be decreased by increasing the time 
constant of adaptation (decreasing the adaptation con­
stant v ) or by decreasing the number of taps in the active 
interval of the filter. It is this error which gives rise 
to the misadjustment mentioned.
The second source of error is the truncation of the 
infinite summation. We, thereby, assume that all trun­
cated h are zero. If they are not, increasing the active 
interval of the filter (adding more terms) may result in a 
better noise estimate. It should be noted that increasing 
the number of terms indefinitely will not result in 
increasingly accurate noise estimates. As the truncation 
error decreases, the error in parameter estimation 
increases, and the misadjustment error increases. Of 
course, a correspondingly longer time-constant can be 
specified in order to reduce the misadjustment error.
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